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ii DNV Fuel Fighter
This report presents the continued work of the 
DNV Fuel Fighter 2012 project report. 13 students 
with 5 different fields of studies has worked to 
improve the 2012 car to compete in the Shell Eco-
marathon 2013. 
This work has included management work, 
promotion work, design work and upgrades of 
the car design. The upgrades has ranged from 
reliability improvements to sub-system redesigns.
This report includes the master thesis of the three 
mechanical engineers, the project managers 
thesis, in addition to summaries of the other team 
members’ respective parts. 
The results of our combined efforts can be 
summarized through our final achievements at 
Shell Eco-marathon Europe 2013:
•	 Winner of the Communication Award.
•	 Winner of the Design Award.
•	 Third place in the Urban Concept Class, a class 
with 33 registered teams.
•	 A fuel efficiency of 202 km/kWh, equivalent to 
1979 km/L gasoline, a solid increase from last 
year’s result of 163 km/kWh.
ABSTRACT
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Denne masteroppgaven presenterer fortsettelsen 
av arbeidet presentert i prosjektrapporten DNV 
Fuel Fighter 2012. 13 studenter fra 5 forskjellige 
studieretninger har jobbet med å forbedre bilen 
fra 2012 for å delta i Shell Eco-marathon 2013. 
Dette arbeidet har inkludert arbeid med 
promotering, design, arbeidsfordeling og 
oppdatering av bilen. Forbedringene som har vært 
gjennomført med de forskjellige grunnsystemene 
har variert fra å forbedre påliteligheten til redesign 
av hele systemer. 
Denne rapporten inkluderer masteroppgaven 
til tre maskiningeniører, oppgaven til 
prosjektlederen i tillegg til sammendragene av de 
andre medlemmenes arbeid.
Resultatet av vår felles innsats kan bli oppsummert 
gjennom våre resultater i Shell Eco-marathon 
Europa 2013:
•	 Kommunikasjonsprisen
•	 Designprisen
•	 Tredjeplass i Urban Concept klassen, en klasse 
med 33 registrerte lag.
•	 Et drivstofforbruk på 202km/kWh, tilsvarende 
1979 km/L bensin, en tydelig forbedring fra 
fjorårets resultat på 163 km/kWh.
SAMMENDRAG
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Through the fall of 2012 and spring of 2013 we have had the great pleasure to work with the development of 
the DNV Fuel Fighter, the NTNU Eco-marathon car. It has been a tough and difficult task, but also quite a relief, to 
finally see one year of hard work compressed into this master thesis. Together with our project thesis we hope 
this will be a solid introduction to the Shell Eco-marathon project at NTNU.
The aim of this report is first and foremost to document the work that has been put into the DNV Fuel Fighter 
this last semester for the future Eco-marathon teams at NTNU. When reading this report it is important to 
understand what this means. Once you take the step from just planning a product to actually building it, the 
work includes obtaining sponsors, cooperation with suppliers, management of manpower and resources, and 
promotional work. This was something everyone in the group had to work with, and if we had not, it would 
not have helped to have a PR & Media team or a project manager: there would have been no car from NTNU in 
Rotterdam. 
In addition, this report is submitted as the master thesis for Magnus Holmefjord, Fredrik Pettersen and Andreas 
Severinsen. The documentation of our efforts within our fields can be found in chapter 3.1, 3.2, 3.4.7-12, 3.5, 
3.6 and 3.7. Reading about our work it should be understood that we always based our work on the product 
development skills learnt during the last five years. Still, with a deadline, and a problem description clearly 
stating that the final result does count, it was never an option not to finish in time for the competition. This meant 
that some choices just had to be made without utilizing the whole development process. In our understanding 
of our task, getting the car finished should be our greatest concern. The result of this has been two trophies, a 
third place in the largest class any NTNU team has ever competed in, and this master thesis, compiled from raw 
data, documentation pictures and notes in the weeks following the competition.
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This project would not have been possible without our sponsors, friends, family, supervisors and professors. The 
team would like to thank everyone who has help us during the project. We would specially like to thank:
Our supervisor Jan Magnus for his support and a great trip to Rotterdam.
The rest of the fantastic team that supported us at the Department of Engineering Design and Materials:
 - Knut Einar Aasland, for his crucial role in making this hole project happen.
 - Eva Mari Hansen, for her support through the bureaucracy that comes with such a big project.
 - John Harald and Nils Petter Vedvik for their support where our composites knowledge proved 
insufficient.
 - Børge Holen for his relaxed helpfulness and support in the workshop.
 - Bjarne Stolpnessæter, for his instant support whenever needed.
 - Terje Rølvåg for his NX-abilities, sharing of his automotive knowledge and the Friday cage ball sessions.
Marius Øgård from the Revolve team, for his introduction to the CAD to CNC possibilites of the Makino milling 
machine at IPM.
Aslak B. Espeland, Hans Gudvangen, Håkon J. Seiness, Petter T. Larsen, Mads H. Solberg and the rest of the 2012 
team who always were happy to help us out.
The EiT for their great work on the new dashboard as well as for being good company during late night hours 
in the workshop.
Magnus Dorati, Lillian Aasheim and Shell Eco-marathon for providing some of the pictures used in this report.
The rest of the 2013 team for the work through an exciting first year.
Finally we would like to thank our sponsors for making this possible.  A special thanks goes to our main sponsor 
Det Norske Veritas (DNV) and Kristina Dahlberg for their continued support of the NTNU Shell Eco-marathon 
team.
Trondheim, June 2013
Magnus Holmefjord Fredrik  Pettersen Andreas Severinsen
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1  INTRO
2 DNV Fuel Fighter
1.1.1 ECO-MARATHON 2013
The Shell Eco-marathon is a global competition 
that challenges High School and University 
students to apply their knowledge in engineering 
and design to create energy efficient cars in 
three competitions (Europe, Asia and Americas). 
This year 218 teams from 24 different countries 
registered to compete in two categories from May 
15th to May 19th in Shell Eco-marathon Europe in 
Rotterdam, the Netherlands: 
UrbanConcept:
The UrbanConcept category offers participants 
an opportunity to design and build fuel-efficient 
vehicles that are close in appearance to today’s 
passenger cars. There are strict rules when it 
comes to dimensions, weight electrical system 
etc. This year, cars were competing within five fuel 
classes. See figure 1.1.1 for details. 
Prototype:
Vehicles in this category aim to build the most 
aerodynamic and fuel-efficient vehicle possible. 
The rules for this class impose few limitations and 
allows for very radical designs. This year, cars were 
participating within six fuel classes.
1.1 SHELL   ECO-
MARATHON 2013
51+20+6+5+18+L
30+70+LShellEco-marathonEurope2013 Urban concept 70Protoype 148
Battery Electric 33
Gasoline 14
Diesel 4
100% Ethanol 3
Hydrogen 12
Urban
Concept
Figure 1.1.1: Eco-marathon Europe 2013 team 
distribution.
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1.1.2 NTNU IN ECO-MARATHON
The NTNU team with their car, the DNV Fuel 
Fighter, was building upon a great tradition, with 
several previous teams bringing home trophies 
to NTNU. With the great symbiosis between the 
media and technical parts of the project, the 2013 
team aimed higher than ever - aiming for four 
awards in addition to a good position in our class:
A spot on the podium in the Urban Concept Battery 
Electric class
With top motivation, great facilities and 
resourceful sponsors behind us we hoped to take 
a step up from last year’s fifth place.
The design award
With the 2012 body as a foundation, a team 
motivated to create a great looking car, a team 
from the Experts in Team subject working with 
detachable interior, and two graphical designers 
that worked to unite the work through a graphical 
profile, this was a prize that was rooted in the 
whole team.
The communication award
With two Media, communication and IT students 
from NTNU and sponsors depending on the 
media attention there was never a possibility not 
to compete for the Communication Award.
Shell Student Challenge
For the special prize announced in cooperation 
with National Geographic the team’s graphical 
designers worked to reach the top by making the 
best energy related infographic.
The safety award
To apply for the Safety Award was a great incentive 
to improve the working conditions for the team 
while aiming for an award.
1.1.3 THE 2013 RESULTS
When the car finally got a valid attempt, the 2013 
competition turned from nerve wrecking to great. 
The infographic reached the top five. The team 
was told that it was the runner up for the safety 
award, and the Communication as well as the 
Design Award were won. All this, and the team 
also got a third place in the Battery Electric Urban 
Concept class.
Table 1.1.1: NTNU in Shell Eco-marathon (Shell, 2008-2013)
Name (year) Fuel Class (teams with 
valid attempts)
Awards Possition
PureChoice (2008) Hydrogen electric (3) Road Safety Award, Communications Award 2nd
DNV Fuel Fighter (2009) Hydrogen electric (5) CO2 award 1st
DNV Fuel Fighter (2010) Hydrogen electric (5) Failed to finish any attempt
DNV Fuel Fighter (2011) Hydrogen electric (10) Communication and Marketing Award 2nd
DNV Fuel Fighter 2 (2012) Battery electric (15) 5th
DNV Fuel Fighter (2013) Battery electric (19) Communication award, design award 3rd
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1.2.1 THE CORE TEAM
Nikita Sinansky 
Project manager
Siavash Naghdalikhani
Systems engineer
Magnus Holmefjord
Production manager and mechanical engineer
Rims, mechanical motor design & solar panels
Fredrik Pettersen
Mechanical engineer
Rims, mechanical motor design, exterior & interior
Andreas Severinsen
Race manager, mechanical engineer & web admin
Suspension & steering
John Ola Buøy
Electrical engineer
New engine
Jostein Furseth
Cybernetics engineer
Electric & control systems
Kristoffer Gryte
Cybernetics engineer
Control systems & driving strategy
1.2 THE TEAM
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Vanja Gjelstenli
Media and communication co-responsible
Catrine Hovland
Media and communication co-responsible
Håvard Fadnes
Graphical designer
The new graphical profile & its implementation
Alice Holm
Graphical designer
The new graphical profile & its implementation
Ruben Masia
Industrial engineer
Brakes & documentation
Victor Pérez
Industrial engineer
Borja Artés (Fall 2012)
Industrial engineer
Ulrich Feldinger (Fall 2012)
Automotive engineer
Development coordination
Marina Pérez (Fall 2012)
Industrial designer
Interior design research
1.2.2 EXTERNAL SUPPORT
The EiT team (Spring 2013)
Dashboard design & production
Mats Herding Solberg (Fall 2012)
Design student assistant
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Without sponsors, and the support of NTNU, 
competing in the Shell Eco-marathon would 
not be possible. The importance of starting 
early to get new sponsors and attempt to get 
the old ones on board for another year cannot 
be stressed enough. This is the sponsors of the 
2013 DNV Fuel Fighter. Togheter with the great 
group of Fredrikstad companies that supported 
the developement of the 2012 monocoque 
(Eker design, Evonik, HPC, Jackon and Re-
Turn) they represent the external financial and 
technological support we could never have 
reached Rotterdam without.
AZUR SPACE
AZUR SPACE Solar Power is the European leader 
and a global player in development and production 
of multi-junction solar cells for space PV and 
terrestrial CPV (Concentrating photovoltaic) 
applications. Based on nearly 50 years’ experience 
in space solar cell technology, AZUR SPACE brings 
back from space its latest photovoltaic technology 
for terrestrial applications.
They delivered the solar cells for the car. They gave 
us a lower price on the solar cells to be a sponsor, 
and because of the combined price, even the 
small discount amounted to a substantial part of 
our budget.
BERG LETTMETALLINDUSTRI
Berg Lettmetallindustri produces/manufactures 
sliding windows and blinds for buses, trucks, 
construction machinery, trams etc. The production 
also includes surface treatment of aluminum, 
anodizing. From 1956 they have produced quality 
and competence from their workshop in the 
Trondheim area.
They have supported us with anodizing of the 
new aluminum rims.
BILREKLAME
Bilreklame was founded in 1983 and is constantly 
developing. Today they are able to help with any 
kind of decoration and foiling at a huge range of 
surfaces.
Once more they have  done an amazing job foiling 
the car.
DELPRODUKT
Delprodukt is a mechanical workshop located 25 
minutes from Trondheim. They specialize in high 
precision CNC machining.
They took on the enormous job of machining our 
new rims, only requiring us to buy the materials. 
DNV
Det Norske Veritas is a large classification society 
and they provides services for managing risk. They 
were founded in 1864 to inspect and evaluate 
merchant vessels.  
DNV were exited to become main sponsor for the 
5th year in a row, and it was decided very early in 
the fall semester that they were going to be that 
this year as well. Support from DNV early on has 
been important for us to know that the project 
could be carried out.
ELPRINT NORGE
Elprint is a manufacturer of high quality printed 
circuit boards for the Scandinavian and northern 
European market. Their vision is to be the choice 
of favor when it comes to small batches of circuit 
boards.
Elprint Norge has been sponsoring us with circuit 
boards.
GOCHERMAN SOLAR
Based on high efficient solar cells Gochermann 
Solar manufactures high efficient solar modules 
using world leading technology. With 30 years 
of experience in solar racing Gochermann Solar 
has been part of countless successes with project 
involving high efficiency solar modules for cars 
and gliders.
1.3 SPONSORS 
AND AFFILIATES
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They demanded to be sponsors to assemble the 
panels, in return they gave us a small discount.
GYLLING
Gylling Teknikk AS, established 1968, imports 
batteries, chargers, battery packs etc.
Once more they are supporting us with battery 
packs.
LJUDIA
Ljudia is a distributor of multimedia and PA/DJ 
equipment. In addition to complete products, 
they also have a quite extensive assortment of 
drive units, crossovers, etc. Ljudia are known for 
their extremely good customer service.
Ljudia are supporting us with speakers for 
showing off the interior design.
NOCA
Noca AS is a modern production- and service 
provider in the field of electronics manufacturing- 
and development. They deliver industrialization 
services, prototyping, batch production, and 
assembling on demand. Typical customers are 
innovation companies, entrepreneurs and other 
high tech sectors.
They are supporting the manufacturing of the 
electrical system.
NOMURA
Nomura are making the MPPTs (Maximum power 
point trackers), which the 2013 DNV Fuel Fighter 
will be using. As with Gocherman Solar they 
wanted to be sponsors as part of the deal to buy 
their products.
NTNU
NTNU has supplied us with an office, a workshop 
and a lot of expertise throughout the last year. 
We would never have gotten anywhere without 
the helpful staff at IPM, most notably Knut 
Einar Aasland, Jan Magnus Farstad, Bjarne 
Stolpnessæter and Børge Holen.
SKF
SKF is one of the world’s largest bearing 
manufacturers. The DNV Fuel Fighter team has 
signed a sponsorship agreement with them 
which entitles the team to parts worth up to 
10 000 NOK. SKF has been sponsoring the team 
for several year. From before we have got rod ends 
and ball bearings from them. 
REVOLVE
Revolve is another student team here at NTNU that 
competes in Formula Student. Since they also are 
building a car, a partnership was established early 
in order to exchange experiences. This includes 
part time sharing of our workshop with them.
SMARTMOTOR
Since 1996 SmartMotor has offered customized, 
compact, efficient, high torque electrical machines 
with integrated drives and controls based on 
permanent magnet technology. Smart motor 
facilitated the process of making and testing the 
motors for the DNVFF.
SMITH STÅL
Smith Stål Smith Stål is the leading supplier of 
steel, metal and reinforcement. 
They sold us all the raw material we needed, 
taking minimal profits.
TRANSNOVA
Transnova is an initiative by the government`s 
transport department. They encourages new and 
future-oriented sustainable mobility solutions 
by providing grants and advice for pilot and 
demonstration projects.
This year they supported us with 100 000,- NOK.
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2.1 PROJECT 
The following chapter presents the work with 
management within the DNV Fuel Fighter group. It 
also contains data on arena, technical inspection, race 
statistics, results and GPS data on the attempts. 
MANAGEMENT
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2.1 PROJECT MANAGEMENT
2.1.1 TEAM
Project has mainly voluntarily basis but most of 
the members write Master Thesis based on the 
project contribution. Team by strategic learning 
goals is interdisciplinary, multinational, with 
different years of study and both genders. Core 
team members were recruited by responsible 
supervisors early in April-May 2012, some 
members comes during the project (academic 
semester). Few student have just part-time 
participation (first or second academic semester) 
due to different reasons. 
Team has 23 members with classifications for 8 
competences (study programs):
> Project Management
> Media, communication and  IT
> Graphic Design
> Industrial Design
> Product development and materials (Mechanics)
> Production management (System Engineering)
> Automotive Engineering
> Cybernetic engineering
> Electrical engineering
Expert in Teamwork group has 4 competences 
including Nano, Chemical, Cybernetics and 
Mechanics
Electrical 
Engineer 
Cybernetic 
Engineer 
Kristoffer  
Gryte 
Victor 
Pérez 
PR & Media 
managers 
Vanja 
Gjelstenli 
Catrine  
Hernes  
Hovland 
System 
Engineer 
Electrical 
Engineer 
Cybernetic 
Engineer 
Siavash  
Naghdalikhani 
Andreas 
Severinsen 
Ruben 
Masia 
Magnus 
Holmefjord 
Fredrik 
Pettersen 
Alice 
Holm 
Håvard 
Fadnes 
Jostein 
Furseth 
John Ola  
Buøy 
Graphical 
Designers 
Mechanical 
Engineers 
Nikita 
Sinansky 
Project  
Manager 
Design 
engineer, 
Integrator 
Mechanical 
Engineer 
Industrial 
Designer 
Ulrich 
Feldinger 
Borja  
Artés 
Marina 
Pérez 
Mari  
Reidulff  
> Kjemi 
             
Astrid  
Rasten   
> PUMA   
           
Marius  
Kruse Aas    
> PUMA     
           
Maximilian  
Erlbeck      
> Nano     
 
Ingrid  
Krogrud Andreassen  
> Kjemi    
             
Øystein W.  
Grændsen       
> Kyb                   
                 
 
EiT  
team 
Figure 2.1.1: The Team.
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Hovland 
System 
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Electrical 
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Fadnes 
Jostein 
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Engineers 
Nikita 
Sinansky 
Project  
Manager 
Design 
engineer, 
Integrator 
Mechanical 
Engineer 
Industrial 
Designer 
Ulrich 
Feldinger 
Borja  
Artés 
Marina 
Pérez 
Mari  
Reidulff  
> Kjemi 
             
Astrid  
Rasten   
> PUMA   
           
Marius  
Kruse Aas    
> PUMA     
           
Maximilian  
Erlbeck      
> Nano     
 
Ingrid  
Krogrud Andreassen  
> Kjemi    
             
Øystein W.  
Grændsen       
> Kyb                   
                 
 
EiT  
team 
2 High Schools:
> 2 graphical designers from Norges Kreative 
Fagskole (NKF), 
> 21 others are Norwegian University of Science 
and Technology (NTNU) students.  
5 nationalities:
> 16 Norwegians
> 4 Spanish
> 1 Iranian
> 1 German
> 1 Russian
Technical Non - Technical 
Sia Nikita Marina 
Andreas 
Vanja 
Catrine 
Ulrich 
Fredrik 
Magnus 
Ruben 
Borja 
Jostein 
Kristoffer 
John Ola 
Victor Håvard 
Alice 
Figure 2.1.2: Team Member Competences.
2008, 1st year of NTNU participation 
2013 – 3rd Place 
Design award. 
Communication Award. 
Battery  Electric. 
last year car 
improvement 
2012 - 5th Place 
Battery Electric. 
totally new car design 
2nd generation 
2011 - 2nd  Place  
Communication Award. 
Hydrogen. 
Improved car that was 
used since 2008 
History of NTNU participation
Figure 2.1.3: History of NTNU participation.
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2.1.2 STAKEHOLDERS
DNV Fuel Fighter team is mainly self-organized. 
Team decide by itself what to do, how to do and 
when to do.  Academic supervisors have just 
consultations help without direct leading the 
project. Anyway, most of students in team have 
to write Academic reports using the project as 
practical case in interaction supervisor. Project use 
NTNU resources (room, workshop, labs, financial, 
IT etc.). Sponsors as financial as non-financial are 
main economical forces for the non-commercial 
project.  There are non-direct stakeholders on the 
local, regional, national and global level.
2.1.3 GOALS, SUCCESS CRITERIA 
AND RESULTS
DNV Fuel Fighter is unique project for 
students. This is mix of learning, new product 
development, entrepreneurs, working teams 
and game approaches. World-wide competition, 
representing of University and Country, 
multinational interdisciplinary team, complex 
system and innovative eco nature are challenges 
that make project extremely ambitions. Team 
has to implement full product life cycle from 
idea scratches to sustainable and competitive 
complex system. Project is excellent opportunity 
for students to get practical overview of real 
national and local industry within professional 
field, develop contacts with organizations and 
increase attractiveness for future employers.  
From global point of view project’s goals are 
eco- and technological progress in the enterprise 
world.
University and Norwegian society expect to see 
the team on the respectable position comparing 
other High Schools and countries in the world-
wide competition.
Learning goals for University and Students mainly 
have “Learning by doing” concept and help to 
develop as professional as organizational personal 
skills in world-wide environment reality.  
Project has very simple main success criteria 
– position of the team on the competition (on-
track award) with additional opportunity to win 
off-track awards (PR&Media, Design, Safety, etc). 
Additionally, history of NTNU participation in 
Shell Eco Marathon since 2008 create “historical 
Figure 2.1.4: Stakeholders.
DNV FF 
Team Last years  
Teams 
NTNU  
Supervisors,  
Assistants 
Sponsors 
NTNU  
operational  
resources 
Partners 
Shell 
organizer 
NTNU 
students 
Trondheim 
Norway 
Global Local National 
Competitors 
Eco-Marathon 
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Figure 2.1.5: Time, Money of the project.
context”. Comparing previous teams results the 
current one expect to achieve better results or at 
least put significant impact for next generations.
Success 
1-2 place 
Design 
and/or PR 
award 
Good 
3-5 place 
Better  
than last 
year 
Bad 
>5 place 
Worse 
than last 
year 
Failure 
No result 
Result - 3rd Place 
Design award. 
Communication Award. 
Last year Result 
5th Place 
Figure 2.1.6: Project Success Criteria and Result
Result of the project is 3rd place in Race, winner 
in Design award and Communication award. 
Additionally was 2nd place in Safety award and 
Infographic was in top 5.
Number of teams in Battery Electric Urban class 
was 30 from 16 countries. It was almost twice 
more than previous year. 
Project was successful considering success 
criteria. Project was on time and on budget and 
on safety level.   
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2.1.4 PHASES AND TIMELINE
The total duration of the project is 9-10 months 
from September 2012 to June 2013.
Project started early on September 2012 when 
members first time met and Competition will 
be in May 2013. Duration of the Project is just 9 
months + 1 month for termination phase.
Project is full product lifecycle and has Phases:
> Planning (Analysis and Design), 
> Execution (Producing & Assembling, Verification 
& Testing, Purchasing), 
> Competition (Race)
> Termination (Reports and Documentation)
2.1.5 WORK BREAKDOWN 
STRUCTURE
Tasks in project are spitted into few categories: 
> Technical – Car (build reliable competitive car)
>  Driver and Driver Strategy (prepare Driver and 
Optimal strategy how to drive)
> Shell and Race (pass the Registration, Pass 
technical and safety inspection and participate in 
Race in regulation, other formalities)
> PR & Media (Publicity of the Project, Social 
events)
> Sponsors (Direct and indirect financial and 
technology project support)
> Partners (EiT, Revolve, Goteborg University)
> Management and Economic
Each work package has responsible person, goals 
and phases related to timeline. 
September 
36 37 38 39 
October 
40 41 42 43 
November 
44 45 46 47 
December 
48 49 50 51 52 
January 
1 2 3 4 
February 
5 6 7 8 
March 
9 10 11 12 
April 
13 14 15 16 17 
May 
18 19 20 21 22 
June 
23 24 
Analysis 
Design 
Production, Purchasing and Assembling 
Verification and Testing 
Travel and 
Competition 
Termination 
Start of the Project 
Race Middle of the project 
Figure 2.1.7: Timeline and Phases.
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Figure 2.1.8: Work Breakdown Structure.
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2.1.6 FINANCIAL REPORT
DNV Fuel Fighter is non-commercial project. It 
means that members don’t have aim to earn 
money and project don’t have financial profit. All 
economical resources come from sponsors and 
NTNU Principal aid. Team find sponsorship by 
itself. There are two types of sponsors – financial 
and non-financial (materials, goods, professional 
resources, services, consulting, expertise etc.). 
Main sponsor of the Project is DNV. Budget 
was established at the end of Design Phase in 
December 2012. 
Total Project direct Financial Income is 760 000 
NOK. Project spends not all budget and leave 15% 
for the next year project.
Cumulative project expenses (S-curve) for the 
monthly basis has almost perfect theoretical 
shape. Reasons for the rough shape around 
Christmas are Exams time, Holyday and late 
financial aid from sponsors.
Figure 2.1.9: Project Finance.
Figure 2.1.10: S-curve for project expenses.
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Project expenses is almost 645 000 NOK and 
has three main categories: Project Management 
(23%), PR & Media (6%) and Technical (71 %). The 
most expensive was high-efficient innovative 
Solar Panel (42% of total expenses). During the 
Project was hired two people – last year team 
member, Industrial Designer as consultant and 
Programmer to help finish the software part of the 
control unit.
Income for the Project is 760 000 NOK could be 
divided into 4 categories:
> Last year project – 120 000 NOK
> Financial sponsorship
 DNV – 450 000 NOK
 Transnova – 100 000 NOK
 NTNU Principal – 60 000 NOK
>  Shell travel money return – 7 500 NOK
>  Prizes from the Race for the Design and 
Communication Awards – 22 500 NOK 
Figure 2.1.11: Main categories for project incomes.
Figure 2.1.12: Main categories for project expenses.
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Figure 2.1.13: Project Management and PR&Media expenses.
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Figure 2.1.14: Technical expenses.
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2.1.7 TRAVEL
Travel to Rotterdam was in 3 groups:
1 - 3 people in the rented car + trailer with race 
vehicle and tools. 11 May-13May with overnight 
in Oslo and ferry Oslo-Kiel, Germany.
2 - Core team 5 people with Team Manager – 
Plane (Trondheim-Oslo-Amsterdam) and train 
(Amsterdam-Rotterdam). 13 May
3-  Rest of the team 5 people – Plane (Trondheim-
Stockholm-Amsterdam) and train (Amsterdam-
Rotterdam). 15 May
Official address of event for team:
Shell Eco-marathon Rotterdam 2013
Hall 1 - Team Number: 733
Ahoy Rotterdam
Ahoy-weg 10
3084 BA Rotterdam
The Netherlands 
Official address for hotel:
Hotel Rotterdam
Schiekade 658
3032 AK Rotterdam, (The Netherlands)
Tel: +31(0)10.466.33.44
Fax: +31(0)10.467.52.78
E-mail: info@hotel-rotterdam-city.nl
In Rotterdam team stay from 13 May to 21 May 
in Hotel Rotterdam in triple and double rooms. 
Shell Eco Marathon Europe was one week 13May-
19May including Technical and Safety Inspection, 
Team Stands, Practice, Race, Exhibition and 
Winning Ceremony all in Ahoy Arena, Rotterdam. 
Team uses public transport (mainly metro) to 
travel between Hotel and Arena. Travel card with 
unlimited number of journeys for all week for 
all transport including metro, tram and bus was 
bought on the first day and shared trough the 
team. From project budget for each team member 
was breakfast in Hotel (6.30-10.00) and Lunch in 
Ahoy Arena (19.00-21.00).
Figure 2.1.15: Way to Rotterdam.
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Travel back was also in 3 groups:
1 - 3 people in the rented car + trailer with race 
vehicle and tools. 21 May-23 May with overnight 
stay on ferry Kiel, Germany - Oslo and in Oslo.
2 - Core team 7 people with Team Manager – Train 
(Rotterdam –Amsterdam) and Plane (Amsterdam - 
Oslo - Trondheim). 21-22 May with overnight stay 
in Oslo
3-  Rest of the team 3 people – Train (Rotterdam 
- Amsterdam) and Plane (Amsterdam – Oslo –
Trondheim). 20 May
For travel each team member has a brochure with 
all information about tripl to/from Rotterdam 
and Information about event and locations in 
Rotterdam.
Structure of the travel brochure:
>General
>List of members 
>All flights 
>Travel route 
>Group 1 – Andreas, Fredrik, Magnus 
Travel route 
Budget
SEM team arrival registration 
Parking info
DNV office visit
>Group 2 – Nikita, Ruben, Sia, Jostein, John Ola 
Travel route 
Budget
Bus to Trondheim Airport
Flights
Train Amsterdam-Rotterdam
Train to/from Oslo Airport
Hotel in Oslo
DNV office visit
>Group 3 – Jan Magnus, Håvard, Alice, Vanja, 
Catrine 
Travel route 
Budget
Bus to Trondheim Airport
Flights
Train Amsterdam-Rotterdam
DNV office visit
Figure 2.1.16: Way back to Trondheim.
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Structure of the Rotterdam brochure:
>Hotel 
Room needs 
Location of the hotel, metro, central station
Facilities
Reservation documents
>Metro
Route Hotel-Ahoy
Metro map
>Food
Plan
Voucher reservation document
Each group has own financial responsible person. 
All travel expenses paid by personal credit cards 
of Nikita, Andreas and Jan Magnus with financial 
report afterwards.  
All travel was according the plan, time and budget 
except one fault with rented car and trailer. It was 
forbidden by road rules to use this type of the car 
with this type of trailer. The car was stopped near 
Oslo by Police and Driver got a penalty. Hopefully 
one of the team members find a solution to 
continue the journey. Rented car was changed to 
other car. New car was team member father’s car 
from Oslo. On the way back cars were changed 
again. 
Figure 2.1.17: Example from Travel Brochure.
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Figure 2.1.18: Example from Rotterdam Brochure.
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2.1.8 SAFETY AND RISK ANALYSIS
Safety is an essential consideration for the team, 
NTNU and Shell as organizer of the Shell Eco 
Marathon. Regulations for the work environment 
in office and workshop in NTNU had a great effect 
in avoiding undesired hazards during the project 
implementation. Shell Regulations and Actions 
for the Race and whole event also are additional 
barrier for the safety. Team tried its best to avoid 
any risks during the project lifecycle.
2.1.8.1 Safety manager and engineer
In project we have the Safety Manager and the 
Safety Engineer. This is new titles in this year 
project. Because of the small team our Project 
Manager also has the title Safety Manager. Nikita 
Sinansky is student of 2-years Master program in 
Project Management in our University. He has both 
educational background and work experience 
related with safety and risk management.  Nikita 
Sinansky is also the oldest person (30 years) in the 
team. He responsible for the whole cycle related 
with risk and safety issues in project: Analysis  -> 
Plan  -> Do -> Check -> Improve
Safety Engineer is  Systems Engineer Siavash, 
Naghdalikhani. He is a student of 2-years 
Master Program in Production Management. 
He also has both educational background and 
work experience related with safety and risk 
management.
Complex approach for Risk and Safety will 
maximize protection against undesired 
consequences.
Safety Manager and Safety Engineer were on the 
Shell Eco Marathon event and with team during 
the travel to event to avoid any risks.
2.1.8.2 Project safety risk analysis
For preliminary risk identification used the Bowtie 
model for the safety project. 
Production and 
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Economical 
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Social and 
emotional 
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Travel and 
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Hazard 
Event 
Areas 
Human 
Technical 
Organisation 
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rri
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Figure 2.1.19: Bowtie model for the project safety.
Risk Identification (What can go wrong?)
Hazards sources we could classify in four 
categories: 
> Technical (car and support systems, resources 
for production, technology etc.), 
> Human (personal errors, motivation, skills, 
experience, etc.), 
> Organizational (teamwork, management, 
decisions, priority, etc.),
> Environmental (Organisers, Competitors, Public, 
Sponsors, Weather, etc.).
Hazard event areas are:
> Production and Office (NTNU, Trondheim)
> Travel to/from Rotterdam, Ahoy Arena 
> Accommodation in Rotterdam and Oslo
> Arena and Race (whole Shell Eco Marathon 
event in Ahoy, Rotterdam)
> Product (car, trailer, stand)
Risk Evaluation (What is the probability and 
consequence?)
Probability of undesired event has a low level 
in Production and Office  because NTNU has 
strictly regulations and control the process using 
internal actions.  Arena and Race (whole Shell 
Eco Marathon event in Ahoy, Rotterdam) and 
Product (car, trailer, stand) also have a low level 
of probability because of additional control from 
Shell by Regulations for event and Requirements 
for the Product.  Travel to/from Rotterdam, Ahoy 
Arena and Accommodation in Rotterdam and 
Oslo have the most probability of the accidents. 
For travel category was the main detailed planning 
with the risk assessment.  
Risk Evaluation (What is the probability and 
consequence?)
Probability of undesired event has a low level 
in Production and Office  because NTNU has 
strictly regulations and control the process using 
internal actions.  Arena and Race (whole Shell 
Eco Marathon event in Ahoy, Rotterdam) and 
Product (car, trailer, stand) also have a low level 
of probability because of additional control from 
Shell by Regulations for event and Requirements 
for the Product.  Travel to/from Rotterdam, Ahoy 
Arena and Accommodation in Rotterdam and 
Oslo have the most probability of the accidents. 
For travel category was the main detailed planning 
with the risk assessment.  
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Grading Human Environment Economy/material
E Very critical May produce fatality/ies Very prolonged, non-reversible damage
Shutdown of work >1 year. 
More than project budget
D Critical
Permanent injury, may 
produce serious  health 
damage/sickness
Prolonged damage. Long 
recovery time.
Shutdown of work 0.5-
1 year. From half to full 
project budget
C Dangerous Serious personal injury Minor damage. Long recovery time
Shutdown of work < 1 
month
Less than 1/10 of the 
project budget
B Relatively safe Injury that requires medical treatment
Minor damage. Short 
recovery time
Shutdown of work < 1week
Less than 1/50 of the 
project budget
A Safe Injury that requires first aid Insignificant damage. Short recovery time
Shutdown of work < 1day
Less than 1/350 of the 
project budget
Table 2.1.1: Consequences diagram.
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Table 2.1.2: Hazardous activity identification process.
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Table 2.1.3: Risk assessment.
30 DNV Fuel Fighter
Table 2.1.4: Risk Matrixes for the Human, Environmental and Economical looses.
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Risk Prevention (How to avoid risk?)
1. University-based facilities
University (NTNU) has strict rules and regulations 
both for the work conditions in workshop and 
fieldwork (travel and competition in Rotterdam). 
Line managers in University in cooperation with 
DNV Fuel Fighter team managers ensured that all 
HSE provisions are made known and adhered by 
all employees, contacted personnel, visitors and 
students.
The office is located in the University Campus 
which has 8 desks and sofa area. As any other 
room in University safety regulations and actions 
are important. Access, electricity, ven¬tilation, 
cleaning, fire protection are with a high standard. 
So Univer¬sity regu¬lations, National regulations 
for the schools and other standards are the barriers 
to avoid the most of the risks. 
To increase the comfort in working conditions we 
changed the position of desk, bought the modern 
powerful computers with two big screens in 
the beginning of the project. The sofa area also 
improved with a big screen on the wall for the 
team rest. 
Workshop is special room where the car and tools 
are located. This is private room in University 
Camus on the ground floor which is accessible just 
for the team members with the key. Workshop is a 
University room and all Norwegian national and 
Univer¬sity regulation helped to protect people 
and property. Workshop mainly used for the 
assembling, testing and technical adjustments. 
The team has own wide set of tools.
Figure 2.1.20: HSE handbook.
Improvements from last year:
>Implementing the 5S in the workshop in this 
year. 
These 5S principals are: 
Sorting 
Setting in Order 
Sweeping 
Standardizing 
Sustaining 
Safety is really behind these principles and Secure 
in the limited access to workshop. The team tried 
to follow 5S principles in workshop are, but of 
course as any new prin¬cipal it’s not happened 
immediately, this was a continuous process. 
> Shell Trondheim provided high-visible orange 
suits with reflection stripes to in¬crease the team 
members visibility and safety in workshop. 
> Special labs and machining in University. 
The most dangerous tasks in production at 
the University was chemical composite tasks 
and mechanical machining. The students who 
needed to work in these areas in labs had to 
pass special courses before they allowed to use 
any equipment. Beside that student had to have 
proper clothes and other safety features. Labs 
have special certified facilities as ventilation, 
emergency signalization etc. 
2. Outsourcing productions 
Partners, Sponsors and Suppliers helped the 
project to produce high-quality details and to 
avoid additional risks for team members. 
3. Travel and accommodation 
Beside production, transportation is actually 
the most risky area for the team mem¬bers. In 
this section all the risks that are related with the 
transportation of the car and team to public 
events in Norway, Shell Eco-marathon event and 
accommodation of the team in Rotterdam are 
considered.
Improvement in this year 
> 2013 team used rental cars to carry the trailer 
instead of private cars. Rental cars has additional 
safety by definition because of the service 
intervals of the rental firms. 
> The team will use the ferry from Oslo to Kiel to 
reduce risks by taking the route with the least 
driving. 
> Three people will share the driving and an extra 
night will be spent in Norway to re¬duce the 
chance of human errors caused by lack of sleep. 
This is more expensive, but the team considered 
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the increased safety level as a gain. 
> Risk assessment for the “fieldwork” (travel and 
competition in Rotterdam) are creat¬ed based 
on the University (NTNU) regulations by Safety 
Manager. 
Insurance 
The main sponsor DNV bought a special insurance 
for the car in case of damage out¬side the 
workshop. This will reduce economical risk for the 
possible incidents. 
Shell as the organizer has insurance for large scale 
event. 
The team members also informed about deposits 
that organizer could charge in case of damage to 
property of the organiser. 
Flights, train rides and public transport. 
The parts of the team that are not driving will 
arrive by plane and train. Internally in Rotterdam 
the whole team use public transport to and from 
Ahoy Arena. Regula¬tions of related companies 
are the main barriers to avoid risks. 
Improvement in this year 
>Well organised plan of travel and travel brochures 
with relevant information. 
> All tickets and hotels booked few months before 
the event to reduce organizational risks in journey. 
> In Rotterdam the team use transport card that 
gives flexibility in public transport.
Accommodation 
The team choose to use hotel for accommodation 
instead of camping to be sure about team 
members comfort and reduce risks for health. 
Hotel regulations are additional barrier for risks. 
Improvements in this year 
The first driver will be in one separate room with 
the team manager because these people are the 
most important persons in the race and human 
errors could have bad consequences.
4. Ahoy arena and race 
The team members behavior in Ahoy arena are 
the main source for risks. Shell as or¬ganizer has 
strict regulation for the event. Main task for Safety 
Manager is to carefully read all the regulations 
Figure 2.1.21: Safety Poster.
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and inform all team members about small details. 
Preparing the infographics and other materials 
and test the knowledge of partic¬ipants are main 
task for the Safety Manager. For the first time 
the team established new efficient approach for 
safety trough visual regulations informing for the 
people. 
The manager used group and personal meetings, 
Facebook page, paper based in¬fographics and 
brochures to make the people aware of safety 
rules. For example, in the private Facebook group, 
not only actual team members but also professors 
and last year’s team members are ready to discuss 
the issues. This is a powerful source to share 
information with feedback and sugges¬tions.
Additionally each team member has brochure 
with travel, safety and organizational information 
in Ahoy and all original regulations from Shell.
5. DNV Consultation 
Main project sponsor provide not only financial 
support but also useful consulta¬tions for 
engineers as a help to produce right system 
in the right systematic ap¬proach. System 
Engineer apply the Technology Qualification 
Process approach according the DNV-RP-A203 
recommended practice “Qualification of new 
technology” for the Solar Panel as the most 
innovative, important for result and expensive 
subsystem in the car.  
2.1.8.3 Project result risk analysis
For preliminary risk identification used the Bowtie 
model for the project result and for the safety 
project.
There are also few phases for project: Analysis, 
Design, Production, Testing and Competition. 
There are few possible results of the project in 
order from most desired to less: 
- Success project. 1-2 place on the competition 
and winning additionally Design and/or PR & 
Media off-track awards.
- Good project. 3-5 place. Team achieves better 
result than previous one.
- Bad project. More than 5th place. Team achieves 
Figure 2.1.22: Bowtie model for the project result.
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worse result than previous one.
- Failure project. No any formal result. It could 
be happened as during the competition 
(disqualification or failure to finish) as during the 
inspection. The worst case don’t even arrive to 
Rotterdam for different reasons.
Risk acceptance level is on the failure project 
result level and negligible level is between good 
and success results.
Risk Identification (What can go wrong?)
In risk analysis we will focus only on the 
unacceptable risk area that could gives failure of 
the project.  As presented on the Bowtie model 
classification of unacceptable end-events from 
first possible in time to last is:
> Failure before Rotterdam Race
> Failure to pass Inspection before Race
> Technical critical fault
> Disqualification or Organisational fault due to 
violation of the Rules
These four end-event have dependencies 
which shows on the simple Event-Tree on the 
Bowtie model figure. First, team has to arrive to 
Rotterdam with good enough car. If it possible 
as next step, team with car has to pass technical 
and safety inspection. If Inspection was successive 
passed during the Race could be technical fault 
or human behavior fault against rules.  First, we 
make Preliminary Cause-Effect Analysis  for  4 
Undesired end-event and define in each step it 
could happened.
Success 
1-2 place 
Design 
and/or PR 
award 
Good 
3-5 place 
Better  
than last 
year 
Bad 
>5 place 
Worse 
than last 
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Failure 
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Expected probability 
of result 
Result – 3rd place 
Design and 
 Communication awards 
Figure 2.1.23: Risk acceptance criteria.
35ECO-MARATHON 2013
Risk Evaluation (What is the probability and 
consequence?)
Analysis of the whole life-cycle of product 
development from establishment phase to 
race phase is difficult process. Below present an 
example of analysis.
In each possible cause-effect step used two-level 
dimensions to identify the most critical factors: 
4 Hazard sources and  7 WBS groups of process. 
Matrix of these two dimensions used to identify 
most probable hazards. After that Cause-Effect 
Diagram (Fish Bone Tree) used to identify cause 
of each hazard that was defined on the previous 
level.
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Figure 2.1.24: Cause-Effect Analysis.
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Figure 2.1.25: Framework for evaluation of Hazards.
Figure 2.1.26: Way to Rotterdam.
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Preliminary Hazard Analysis (PHA) table method 
used to classify and evaluate risk and also collect 
possible action to avoid risks. After that as result 
was interpretation of findings to the simple Risk 
Matrix. In this report published only main results 
of PHA analysis.
Risk Prevention (How to avoid risk?)
In the project the most critical risks are in these 
areas:
> Human resources. Project need necessary 
number of people that have necessary 
competence and experience and that could spend 
necessary number of working hours to implement 
most critical tasks. Team spend time and if critical 
the budget to get necessary people. Because of 
lack in Industrial Designer and Programmer two 
people was hired. 
> Personal motivation. Project is non-commercial 
and on the nature is more practical than academic. 
Students-team members don’t get direct financial 
benefits or academic grades from this project. 
That is why personal motivation is main driver for 
team members and project as well.
> Organisational. Teamwork, Management, 
Decision-Making, etc. Team members are not 
high level professionals and have lack of time 
resources but with great ambitions. To define the 
most important tasks and control progress as on 
personal as on inter-elements levels are main goal 
for managers.  
> Shell (organizer) formalities. Registration, Rules, 
Technical and Safety Inspections, Right behavior 
in Rotterdam.
> Sponsors. Only one economical resources for 
non-profit project.
> NTNU. Academic support and Operating 
Resources.
> Technical. System is innovative and need a lot of 
testing to get reliable solution.
  
Actions to avoid risk are preventive and reactive. 
Preventive actions, in general , are proper 
planning, testing, redundancy, support for 
personal motivation, facilitating  teamwork  and 
regular communications.
2.1.9 SHELL ECO MARATHON 
FORMALITIES
Regulations and official documents
There are few official documents from Organisers 
of the Shell Eco Marathon Europe that contain 
Regulations (Rules and Requirements). 
Communication channels between Organsires 
and Teams are three:
> Official web-site with uploaded documents and 
useful information
www.shell.com/global/environment-society/
ecomarathon.html
> Closed web-site for the online registration 
(Roadmap) with Project Manager Access only
www.ecomarathon.shell.com/registration/
europeteam
> Project Manager as official liaison through the 
e-mail
> Facebook ‘Shell Eco Marathon Europe’ closed 
group for all participants
www.facebook.com/groups/386073911480166/
There is Official Web-shop from Organisers (www.
eshopsem.com) with Project Managers access 
only. It is possible to buy just few products: Tires, 
Figure 2.1.27: PHA method.
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Fuel tanks, Horn, Joulemeter, Dinner vouchers. 
Team bought dinner vouchers, a horn and a one 
tire for the engine wheel from this web-shop.
List of the official documents from Organisers:
1. Official Rules 2013. Chapter I. (Published in 
September 2012)
2. Official Rules 2013. Chapter II. (Published in 
April 2013)
3. The Schedule for the Event. (Published in 
January 2013)
4. Participant Handbook. (Published few days 
before the Race)
5. Off-track awards and the Shell Student Energy 
Challenge (Infographics) Rules (Published in 
March 2013)
6. Mandatory documents forms for the Event 
(Published in March 2013)
7. Additional information about the Track (detailed 
map) and Team Logistics (FAQ)
All regulations content could be divided into few 
categories:
> Safety
> Organisational
> Car, Driver, Paddock requirements 
> Behavior rules for the team and the Driver 
during the Race 
Registration and applications
Registration for the Shell Eco Marathon Europe 
contains few phases:
1. Phase 1. Pre-Selection.
Deadline for applications 31 October 2012
Planned Results 15 November 2012
Actual Results 19 November 2012
This is simple online form for general information 
about team, project and designed vehicle.
2. Phase 2. Selection.
Planned deadline for applications 17 December 
2012
Actual deadline for applications 9 January 2013
Actual results 22 January 2013
This is online form (roadmap) with detailed 
information about team, project and car with 
drawings/photos in few categories:
- Team details
- Team members (including ID photos)
- Project details
Figure 2.1.28: The Infographic from DNV Fuel Fighter.
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- Vehicle information
- Vehicle technical details (including drawings 
and a photo of the car’s body and a solar panel 
location)
- Propulsion System (including drawing/photo of 
energy compartment)
- Fuel/Hydrogen supply system (not relevant for 
electrical car)
- Electrical Circuity (including detailed computer 
made technical drawing of the electrical circuitry)
- Project Objective
3. Phase 3. Mandatory documents for the 
Event and Off-track awards.
Planned deadline 22 April 2013
Actual deadline 03 May 2013
Mandatory documents for the Event contain 
formal filled forms:
- Terms and Conditions – signed form for each 
team member
- Travel Allowance form for the return of travel 
expenses 
- Guarantee letter. Deposit will charge from the 
team in case of damage the property during the 
Event.
Forms have to be downloaded, filled, signed and 
uploaded through the online roadmap.
Off-track awards have one obligatory and max 2 or 
3 (if Safety award included) elective applications.
The Shell Student Energy Challenge is obligatory 
for all teams off-track award. Each team should 
submit one infographic that answers one of three 
energy-related questions provided by Shell.
Infographic was created by Graphic Designers 
Alice Holm and Håvard Fadnes. Infographic 
from DNV Fuel Fighter was selected to top 5 and 
present during the Event for public. 
Figure 2.1.29: The top 5 Infographics.
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After delivering the application judges chose 
the best and visited teams in paddock on Friday 
17th May and Saturday 18th May for the final 
decision. All three awards were selected as one 
of the best and responsible people present 
project for different judges in paddock.  Finally 
DNV fuel Fighter won the Design award and the 
Communication award. The Safety award got the 
2nd place mainly because in paddock engineers 
work almost 24 hours with not perfect order of 
tools and instruments around when judges took 
a visit.
Full text of off-track submissions is on the 
Appendix.
Safety award application.
Authors: Nikita and Sia. Correction and style: 
Andreas and Håvard 
Design award application.
Authors: Andreas and Håvard. Correction and 
style: Andreas and Håvard 
Communication award application
Authors: Vanja and Catrine. Correction and style: 
Andreas and Håvard
Figure 2.1.30: Design award prize.
Figure 2.1.31: Communication award prize.
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Figure 2.1.32: Off-track award applications.
2.1.10 ROTTERDAM
2.1.10.1 Arena
Ahoy arena is located in the southern part of 
Rotterdam, Netherlands  near of Zuidplein park. 
Public transport stop (Metro, bus), big shopping 
mall, private parking is just 5 minutes walk from 
Arena
Figure 2.1.33: Ahoy Arena location.
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There are few main areas for the Shell Eco 
Marathon event:
1. Camping site.  Place where the most of 
teams stay during the Event in tents. Catering tent 
also located here and could be used for cooking 
food. Team used it for the waffles.
2. Track. Distance around 1 mile or 1.6 km. 
3. Parking for the private cars and trailers. 
It’s not possible to go out and in by car during the 
practice and competition days
4. Testing area is only one for driving cars 
before the main track access. Testing area open 
only when the Track opens with control of 2 safety 
marshals. 
5. Start/Finish area. Three tents with 
marshals: one for the Fuel car start check and 
fill the fuel, one for the Electric car check and 
Joulemeters reset, one for the finish result 
measure. Before tents is queue area.
6. Entrance Bridge to Arena. During the 
Event with small bridge from Camping site are 
only one way to enter.
7.  Hall 1.  Participants paddock. Technical 
Inspection. Information desk. EShop. 
8. The Lab (main public area for external 
visitors). Registration desk.
9. Hall 4. Obligatory briefings. Lunch 
2.1.10.2 Track
The track is not specially built track for the Race. 
This is a usual urban part of public roads limited 
red and white boxes along the track with everyday 
life lines on it. Track is almost flat and has five 90 
degree turns.
Figure 2.1.34: Ahoy Arena map.
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Figure 2.1.35: Car on the Track.
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During the practice and competition there are a 
lot of marshals along the track. In case of accidents 
marshals immediately take all necessary actions 
for safety reasons. If the car stop and could not 
start again more than 2 minutes marshals towing 
a car out of the track.  Public access  to stay near of 
track is  only in few places: Start/Finish area, Panel 
area, Bridges.
Access to the track is from the Entrance tent with 
queue of participants. Marshals check Technical 
and Safety Inspection stickers, Driver’s weight, 
scan bar-codes and reset joulemeters. Access 
to area between Entrance tent and Start is only 
for two people maximum excluding the Driver. 
Urban class cars have to stop each lap on the 
special Stop-line. In case of overtaking car have 
to use a horn signal. After Finish a car comes to 
Measurement tent to calculate final result for 
attempt.    
Testing track is only one for driving cars except 
main track. This area is  located near the entrance 
to Hall1 . Testing area works only when the main 
Track opens. There is control of 2 safety marshals. 
At least safety inspection sticker has to be on the 
car for the access. 
Figure 2.1.36: The Track map.
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Figure 2.1.37: Hall 1 map.
2.1.10.3 Paddock
Paddock is special area for the team to present 
the project, work on the car and just stay during 
the Event. Paddocks of almost 200 teams are 
in Hall1. On the same Hall 1 are situated also 
technical inspection area, informational desk with 
organizers, e-shop. To carry stuff to/from paddock 
it is possible to park temporary the trailer near 
of the back doors. For the access to track there is 
special door near of the main Entrance to Hall1. 
Hall 1 open only 6:30 – 23:30 but overnight work 
in paddock accepted without exit from Hall.
Team paddocks are located according to the fuel 
type.
Individual paddock for team is 4m x5m. Each 
paddock is equipped with:
2 x Chairs
1 x 2m x 0.8m Table 
1 x Locked storage unit
1 x Waste paper bin
2 x 13a 240v socket
6 x Spotlights
WiFi
Figure 2.1.38: Paddock in Solar Panel cars area.
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First, paddock was equipped PR and Safety stuff 
and after that technical stuff and car arrives. 
In paddock is forbidden to use usual tape and 
any damage of panels will cost penalty for the 
team. Special type of tape spots are provided by 
organizers.  Electrical cables have to be taped to 
the floor as well as carpet from public access side 
for the safety reasons. Fire extinguisher and Fire 
blanket have to be visible and accessible in case of 
accidents. When team arrives to paddock one of 
the team posters from Shell was with wrong photo 
and after few days new correct poster was printed 
by Organisers. Spotlights position was adjusted to 
emphasize lights for the Roll-ups, Posters on the 
wall and the car.
2.1.10.4 Technical and safety inspection
Technical and safety inspections is on the Hall1. 
Inspection has few stages that car with Manager, 
Drivers and one more team member have to pass. 
Check list before Technical inspection:
> Car matched the technical requirements. 
Check list was created after detailed analysis of 
the Regulations.  Before official inspection it was 
internal inspection.
> Identification on the car (logos, race numbers). 
All necessary stickers team got from registration. 
Before foiling the car graphic designer leave 
special places for these stickers.
> Driver suit, gloves, helmet, glasses
> Transponder installed in the car
> Joulemeters installed in the car
> Bar codes for a car, manager, drivers 
> Technical documentation. This is printed 
documentation that needed mainly on the last 
stage and contain description of the electrical 
system, propulsion battery and accessory battery, 
motor controller and solar panel.
Figure 2.1.39: DNV Fuel Fighter Paddock plan.
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Figure 2.1.40: Empty paddock.
Figure 2.1.41: Paddock with PR and Safety equipment.
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Figure 2.1.42: Paddock work condition.
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Figure 2.1.43: Technical Inspection map.
Figure 2.1.44: Car identification.
Shell sponsor
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The Technical documentation content:
ELECTRICAL SYSTEMS DOCUMENTATION (FOR AN 
ARTICLE 58B).  
1. Point to point vehicle wiring diagram showing 
the location of all major relevant electrical 
components of the system, such as batteries, 
super capacitors, fuses/circuit protectors, lights, 
alternators, horn, starter motor (for e-mobility 
vehicles this should also include drive train 
components such as fuel cells, motors, controllers, 
solar cells, MPPTs, joulemeters), etc.
2. Component voltage, current, and power ratings 
of major components
3. Locations and ratings of all circuit protection 
devices
4.   Illustration of how the emergency stop system 
works, and presence of both external and internal 
emergency switches in the electrical circuit. 
5. A description of any battery(s) or ultra (super) 
capacitors being used in the system, including 
type, rated voltage, max charge voltage and 
capacity in amp-hours or capacitance.
TECHNICAL DOCUMENTATION (FOR AN ARTICLE 
58C).
The BMS for an accessory battery (because 
Lithium-Ion battery is used) 58-c-ii
1. The battery type, energy capacity and nominal 
voltage ratings
2. Cell over-voltage protection limits
3. Operation of cell balancing (how and when)
4. Battery operation when over-voltage, limits are 
reached. (that is, what will the BMS/Battery do 
when these limits are reached)
The BMS operation for a propulsion battery. (BMS 
system operation data). 58-c-iii
1. The battery type, energy capacity and nominal 
voltage ratings
2. Cell over-voltage and under-voltage protection 
limits.
3. Battery over-current limit.
4. Operation of cell balancing (how and when).
5. Battery over-temperature limit.
6. How the BMS will protect the battery when an 
over-voltage, under-voltage, over-current or over-
temperature condition is reached. (That is, how 
will the BMS isolate the battery when these limits 
are reached?)
Additional technical documentation for the 
E-mobility vehicles 58-c-iv
1. Information on the motor(s) and motor 
controller(s) power and voltage ratings.
2. PV data sheet power and voltage ratings (Pmpp, 
Isc, Voc, Vmpp). Calculation of the solar panel 
surface.
3. PV controller (MPPT), power and voltage ratings.
Figure 2.1.45: Technical Inspector.
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Figure 2.1.46: Technical Inspection Process.
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Figure 2.1.47: Dimensions test.
Stations during the Inspection:
1. Entrance. Queue and registration
2. Driver weight for both drivers. Including Clothes, 
Helmets, Luggage and additional weights
3. Vehicle weight. Car stay on the 4 platforms for 
weight measures
4. Vehicle dimensions. Special gates and sticks 
to measure all required dimensions outside and 
inside of the car.
5. Turning radius 10mfor both drivers. Each driver 
have to turn car follow shape on the floor in both 
directions (left and right turn)
6. Brake ramp. Platform with angle to check the 
brakes efficiency.
7. Safety belt for both drivers. Check the clearance 
and reliability of belts.
8. Time for exit from the vehicle 10s for both 
drivers.
9. Visibility for both drivers. Inspectors show 
the numbers or colors around the car to check 
visibility of windows and rear mirrors.
10. Design check. Stickers, logo and race numbers 
check. Mechanical check of the Suspension/
Steering, Wheels/Rims, Door, Luggage space etc.
11. Energy verification. Solar Panel check. All 
electronics including joulemeters, wires, labeling 
of the components and wires, Batteries. Emergency 
stop buttons test. Technical Documentation. 
12. Technical inspection desk (Transponders, 
Joulemeters, Stickers).
Result of the Inspection is stickers – Technical 
Inspection and Safety Inspection. Stickers give the 
access to the Track for practice and competition.
Figure 2.1.48: Technical and Safety Inspections 
stickers.
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Figure 2.1.49: Schedule adapted for our car’s class.
2.1.11 RACE
Shell Eco Marathon was in Rotterdam from 13 May 
to 19 May. Schedule for the Event was published 
by organizers in January 2013. 
Actual schedule was changed by Organisers 
because of weather conditions. Friday 17th of 
May was additional competition day. Maximum 
number of attempts was increased from 4 to 6.
The official results only includes 4 of our 5 
attempts.  The first attempt when the car didn’t 
start from start line was not recorded as official 
attempt. 
Time slot log
Time slot no: 1
Time: 17.5.2013, 09:00 - 11:30
DNV Fuel Fighter Attempt no(s): 1
Time slot no: 2
Time: 17.5.2013, 16:00 - 18:00
DNV Fuel Fighter Attempt no(s): -
Time slot no: 3
Time: 18.5.2013, 09:00 - 11:30
DNV Fuel Fighter Attempt no(s): 2
Time slot no: 4
Time: 18.5.2013, 17:00 - 19:00
DNV Fuel Fighter Attempt no(s): 3
Time slot no: 5
Time: 19.5.2013, 09:00 - 11:00
DNV Fuel Fighter Attempt no(s): 4, 5
2.1.11.1 Race log for DNV Fuel Fighter 
participation:
Attempt No: 1
Driver: John Ola
Result: 0 km/kWh
Complications: The cover for the motor wheel 
touched the tyre, and therefore the cover was 
removed. Motor initiation did not start. In 
addition, wobbling caused by tire irregularities 
(with respect to from)
Comments: A quick test lap was done right before 
the attempt where the car seemed ok. On the 
start line it could not start. This was later found to 
possibly be caused by a faulty connection from 
the steering wheel to the CAN-bus interface.
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Figure 2.1.50: The Race Results.
Attempt No: 2
Driver: John Ola
Result: 0 km/kWh
Complications: The cover for the motor wheel 
touched the tyre, and this was tolerated. The 
motor stopped after two and a half round. An 
attempt was made to restart the motor at the 
stop line, but it failed. No reason was found, but 
the car was run on the practice track for more 
than 30 minutes without major visible incidents 
afterwards. When the car was pushed back it 
was discovered that the motor wheel rolled very 
restricted. Some magnets had gotten loose and 
they were glued back on.
Comments: This was later found to possibly be 
caused by a faulty connection from the steering 
wheel to the CAN-bus interface.
Attempt No: 3
Driver: John Ola
Result: 0 km/kWh
Complications: As the magnets of the new motor 
had to wait for the glue to cure, the old motor was 
used. Sadly the parameters were not right for the 
engine and the car had no way of reaching any 
acceptable speed. After only 20 meters John Ola 
gave up.
Attempt No: 4
Driver: John Ola
Result: 0 km/kWh
Complications: After driving very fuel efficient the 
first three rounds the car was behind the schedule. 
When John Ola was asked to speed up he tripped 
the voltage limit of the motor controller. To solve 
the issue the motor had to reinitialise, but first the 
car had to stop. To gain the lost, high speeds were 
required. John Ola did not manage to drive fast 
enough, but actually tripped the limit once more. 
When only three round were left it was obvious 
that the attempt would fail and the team decided 
to give up.
Attempt No: 5
Driver: John Ola
Result: 201.94 km/kWh (1979 km/l gasoline)
Complications: Comments: To prevent the 
problems that destroyed the fourth attempt the 
team had to give up most driving tactics and 
decided to drive safe. The team finished at third 
place. One of the rear view mirrors got loose 
during the attempt and the steering did not stay 
perfect. No tests of the system were required by 
the Shell Eco-marathon and the team won the 
third place.
Figure 2.1.51:  DNV Fuel Fighter race time.
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2.1.11.2 Navigation and driver 
communication
Driver in the car need special device to measure 
car’s characteristics. A control unit with big 
touchscreen was designed for that reason. 
Unfortunately, due to different reasons, mainly 
because lack of Cybernetics competences 
human resources,   touchscreen with navigation 
system didn’t finish before the Race. As back-
up solution driver use portable tourist GPS 
device to control location on the Track, speed 
and time. Additionally, Driver has a continuous 
communication with support team on the start/
finish area through the usual mobile phone with 
hands-free. Support team also control the time 
and number of the laps and consulates about 
technical and organizational questions online. 
Special Panel Area was designed by Organiser to 
show for the driver some information about Race 
progress. One team member was in this area with 
simple white A3 laminated list and shows only 
number of laps using the black tape.
Driver communication and navigation:
1. GPS Navigator
2. Mobile call with hands-free
3. Panel area on the track
As GPS Navigator uses a small touristic outdoor 
navigator with touchscreen Garmin Dacota 20. No 
any maps was used because not necessary. Few 
days before the Race actual route was recorded 
using on foot walk along the track. Few waypoint 
was also recorded – Start, Finish, Stop-line and 
the Panel area. During the Race Driver choose 
the best for him view of information and position 
– zoom 80m, track up orientation, 4 data fields: 
Current speed, Average speed, Maximum Speed 
and Moving Time. Before each start Driver has to 
reset current measures. Navigator was fixed on 
the dashboard.
GPS Navigator records statistical data about trip. 
Information about trip save on the memory each 
100m. This information could be very useful for 
analysis and improvements.
Figure 2.1.52: GPS Navigator and screen examples.
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Figure 2.1.53: Recorded information about successful attempt.
Figure 2.1.54: Comparing of different laps.
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Figure 2.1.55: Successful and Unsuccessful attempts speed/distance graphs.
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2.2 SYSTEMS 
With a huge number of systems and subsystems, 
engineers from a variety of fields, systems engineering 
becomes very important. In this part of the report the 
theory behind the systems engineering work and the 
experience from the last semester is covered.
ENGINEERING
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2.2 SYSTEMS ENGINEERING
2.2.1 LEAN ENABLERS
Oppenheim (2011) did a very deep literature 
review and identify 47 enablers for different 
lean principles along with 147 actionable sub-
enablers. The author based on SEM2013 project 
characteristics and limitations chose most 
applicable enablers which are presented in this 
section, the actual use of these enablers will be 
presented in result chapter. In order to make the 
retrieving of these enablers easier, the author 
coded them in a way that each enabler start with 
LE and has a unique code, first character is the 
principle number which is from 1 to 5; second 
character is the enabler number for the principle.
2.2.1.1 Lean enabler for first lean principle; 
Value
LE11: Follow all practices for the capture and 
development of requirements, as found in the 
INCOSE handbook.
The main goal of LE11 is to continue using INCOSE 
SE handbook for all traditional processes and add 
lean wisdom to them.
LE12: Establish the value of end product to the 
customer
The key concept of LE12 is that external and internal 
customer should define what value is and what is 
not. So the systems engineer should define the 
value-added activities in terms of customer’s need 
where external customers satisfy with the value, 
internal customers feel decreasing of uncertainty 
and finally transforming information and material 
take place in accordance to desired performance 
at the first time. By doing so three kind of wastes 
including overproductions, over processing and 
reworks could be avoided. The activities that have 
no internal customer and the outcome won’t be 
needed by downstream processes and doesn’t 
provide value for external customer such as 
bureaucracy are pure waste and will be avoided 
(McManus, 2005).Understanding of what different 
internal and external stakeholders count as a 
value is a challenging job. Developing a robust 
process for understanding clearly the customer 
value is another part of LE12. 
LE13: Frequently involve the customers.
The main concern of LE13 is to establish a 
frequent and effective communication between 
internals and externals customers in order to 
clarify the requirements once it needed without 
any unnecessary delay during the development. 
At the initial phases of the project a good systems 
engineer should have enough interaction with 
external customers to be able to make the 
requirements extremely clear and design the 
processes to provide them with lowest possible 
waste. He also should identify who is the internal 
customer of each task and with whom else he 
should has effective interaction (Morgan, 2002).
2.2.1.2 Lean enabler for second lean 
principle; Value Stream
LE21: Plan the program according to the INCOSE 
handbook process
The main goal of LE11 is to continue using INCOSE 
SE handbook for all traditional processes and add 
lean wisdom to them.
LE22: Map the SE and PD value streams and 
eliminate Non-Value-Added elements
This enabler encourage systems engineer to 
develop a detailed planning early in the project 
in order to synchronize the activities and reduce 
the errors. Having detail plan will lead to more 
efficient communication and coordination.
2.2.1.3 Lean enabler for third lean principle; 
Flow
LE31: Execute the program according to INCOSE 
handbook
LE32: Clarify requirements early and often during 
execution
The main concern of this enabler is to have 
carful efforts to capture, clarify and prioritize 
requirements during the project and also 
requirement clarification which can be done 
through establishing efficient internal and 
external communication channels. 
LE33: Systems engineer to accept responsibility for 
coordination of PD activities
This enabler encourages that systems engineer 
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and other technical engineers should work as 
a team to be able to have better planning and 
execution. 
LE34: Make project progress visible to all
Displaying all critical information in public spaces 
visible to all is a proven successful practice that 
will improve the flow of information.
2.2.1.4 Lean enabler for forth lean principle; 
Pull
LE41: Pull tasks and outputs based on needs and 
reject others as waste
This enabler makes a guard against the wastes of 
unneeded tasks, over processed tasks and task 
rework. It suggests that only legitimate tasks 
which needed by stakeholders and internal or 
external customer should specifically tailored for 
the project and planned as a needed activity.
2.2.1.5 Lean enabler for fifth lean principle; 
Perfection
LE51: Use lessons learned from past for future
Prior team experiences in terms of failure and 
success could be a vital source that can help 
current team members to anticipate potential 
errors and make the right decisions that avoid 
the same problem. Continues improvement is 
the main point of this enabler that will lead to 
perfection in longer terms.
LE52: Drive out waste through process 
standardization
Standardization is the fundamental of continuous 
improvement allowing you to have the flow and 
allow you to be innovative. By having standard 
current best way for doing things, learning from 
its advantages and disadvantages will lead to 
improve it to another better way of doing things. 
But if there is not the standardized processes, 
there are just lot of ways to doing things and in the 
best scenario they will just go to another group of 
doing things without any learning (Jeffrey K. Liker, 
2006).
2.2.2 SE IN THE DNV FUEL 
FIGHTER PROJECT 2013
Implementing the lean systems engineering 
practices in a real life project was a very important 
part of this thesis. The setting of the case in this 
research report took place in Trondheim. The 
author joined to the DNVFF 2013 team which 
had to improve a legacy car to compete in the 
SEM2013. The project started August 2012 and 
ended May 2013. The author as a systems engineer 
joined the team from the beginning; therefore, his 
specialization project also focused on this project. 
The team consisted of one project manager, one 
systems engineer, seven mechanical engineers 
and two cybernetic engineers. The team also had 
five more participants with Media and Industrial 
designing background. Luckily this project 
served as a practical application of lean systems 
engineering techniques and interaction with the 
team members had a great effect on collection of 
accurate and relevant data. 
This chapter will describe the actual efforts of 
systems engineer in DNVFF 2013 project. The 
author tried his best to execute the program 
according to systems engineering Vee model and 
apply the discussed techniques in order to make 
the development project more efficient, identify 
and perform needed activities and get rid of 
unnecessary activities in order to develop the car 
with highest possible quality in shortest possible 
time and with lowest possible budget. The main 
goal was to increase the chance of winning the 
competition and assessing if there is a benefit 
in applying lean systems engineering in time 
constrained projects. 
This chapter will not include all of the work done, 
but rather use essential elements from the work 
done in order to get a good overview to the reader. 
2.2.2.1 Educating the team
The experiences from prior years stated a clear 
and loud recommendation; to benefits sufficiently 
from systems engineering techniques, every 
people engaged in development processes, 
should understand the importance of systems 
engineering principles ; therefore, post doc 
researcher Cecilia Haskins educated the whole 
team early in the project and make sure that the 
team realized that it is quite important to have a 
systems engineer who reduces the risk of doing 
the same mistakes as prior year’s team and also 
help the team to perform the right activities in 
a right way which leads to the realization of the 
system based on stakeholder’s requirements. 
Making the team aware of systems engineering 
value had some huge benefits. As an example, 
by introducing the Vee model, the whole team 
understood the importance of dividing the jobs 
into phases and identifying decision gates at the 
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end of each phase. This is underlined by the fact 
that the team members decided not to make 
any decision very early in the project, but rather 
gathering the right information and do the proper 
analysis before any decision; therefore, one of 
the main goals of systems engineering which 
is to decrease the LCC by avoiding last minutes 
changes, has been realized by the whole team.
Applying the systems engineering techniques 
properly requires a high level of team cooperation; 
therefore, another advantage of educating 
the team was that after realizing the systems 
engineering benefits for the project, everybody 
was more eager to follow the systems engineer 
advices in challenging situations.
2.2.2.2 SE interfaces with PM
The author having LE22, LE33 and specially LE51 
in his mind decided to clearly divide the joint 
workload between project manager and systems 
engineer early in the project in order to avoid 
the difficulties that prior teams faced with. Based 
on previous team experiences, deeply engaging 
project manager in technical issues was quite 
inefficient and produced a large number of rework 
and wastes; therefore, the author accepted to 
manage technical issues by himself which include 
activity identifications and planning as well as 
controlling project status and follow-up in case 
of any deviation from plan. On the other hand 
the project manager was responsible for non-
technical managerial aspect of the project such as 
finance and human resource management. Some 
areas were decided to be handled together such 
as risk management. Figure 18 has been made as 
one of the first systems engineer efforts in DNVFF 
project.  
2.2.2.3 Defining the system architecture 
design
The systems engineer by refining the last year 
system architecture and adopting it for DNVFF 2013 
team, could describe the work scope to the whole 
team and also make a starting point for assigning 
the jobs to engineers on subsystem level. During 
the initial technical meetings systems engineer 
by working closely with engineers, updated the 
system architecture and each engineer based 
on his interest and expertise suggested to be 
responsible for one or more subsystems. As 
prior systems engineers suggested, it was quite 
important not to design the architecture with lots 
of details as it just increases the complexity. The 
Figure 2.2.4: SE-PM interfaces.
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architecture design consists of twelve subsystems 
with their respective components. As it can be 
seen in Figure 19, a unique code has been assigned 
to each component in order to make them more 
traceable both in terms of requirements allocation 
and interface management.
2.2.2.4 Interface management
Although system architecture diagram gives a 
good overview of constitutive parts of wholes 
system, it has not any information about how 
different sub-systems are connected to each other. 
One of the useful tools for showing the interfaces 
between sub-systems called sub-system matrix. 
Based on the prior year’s analyses and their 
interface diagrams, systems engineer made a new 
interface owner matrix as it has been shown in 
Figures,  by extending them through adding new 
emergent sub-systems. Identifying a responsible 
person for each interface has been done as the 
next step. The responsible person had to gain 
enough knowledge about two engaged sub-
systems and the interface between them in order 
to serve as a reliable expert who can minimize the 
risk of confusion later in development phases. 
Figure 2.2.4: SE-PM interfaces. Figure 2.2.5: Architecture of DNV Fuel Fighter systems and sub-systems.
Figure 2.2.6: Interface owner matrix.
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2.2.2.5 Requirements analysis 
The main input of each product development 
project is the stakeholders requirements which 
needed to be consider carefully and fulfill 
adequately. For the DNVFF 2013 project almost 
all of the requirements are summarized in a 
document which is called Shell Official Rules. 
Shell publishes this document which contains the 
whole requirements for the different classes every 
year with some changes.
The applicable requirements for DNVFF 2013 
project filtered by systems engineer into a 
shorter document. As reviewed in literatures 
and LE13, LE12, LE32 suggested, it was time 
to analyze them to make sure that there are 
traceable, understandable, precise, succinct, clear, 
noncompounded, correct, complete, consistent, 
unambiguous and feasible; therefore, any 
ambiguity in the requirements has been discussed 
with the Shell responsible people and the systems 
engineer by arranging technical meetings with 
engineers make sure that there is a common 
and correct understanding in team for all of the 
requirements. Some of the requirements were 
often stated in long sentences and contain more 
than one functional description, the requirements 
then broke down to several easily understandable 
requirements which contain just single functional 
statement. The team also decided on additional 
requirements in order to increase the chance of 
winning the competition, such as weight limits, 
performance level for every sub-system and 
requirements for design decisions. Feasibility of 
self-identified requirements have been checked 
as well. 
Once all the clarified requirements gathered 
in a document, assigning them to respective 
subsystems and components and finding 
responsible people for each requirement was in 
focus. Based on reviewed literatures in order to 
make the testing and verification phase easier, 
for each requirement verification method and 
verification stage has been identified through joint 
work with engineers. As LE52 suggested, systems 
engineer designed a standard requirements list 
document which contains requirement reference, 
requirement description, respective subsystem, 
responsible person and status. 
The requirements list also hanged on systems 
engineering wall in order to make sure that 
everybody review them more often during the 
project life cycle. 
2.2.2.6 Vee model for DNVFF project
As mentioned before, identifying the system 
life cycle is one of the most important tasks of 
systems engineer which needed to be done early 
in the project. The main aim of this year project 
was to improve the legacy car and attach new 
solar panels to the car; therefore, based on the 
Vee model, relevant literatures that have been 
reviewed earlier in this thesis and also the team’s 
wishes, the following project lifecycle has been 
proposed. 
Figure 2.2.1: The Vee model for the DNVFF pro-
ject.
 As LE22, LE34, LE41 and LE52 suggested, systems 
engineer decided to map the value stream through 
arranging constrictive meetings where technical 
people of the team should discuss the proposed 
life cycle activities and refine it in order to agree 
on a common baseline for the project. During 
these meetings the systems engineer described 
different activities, their goals, the needed inputs 
and desired outputs for them. Once the common 
baseline has been accepted by the whole team, the 
systems engineer started to analyze the activities 
and he categorized them into value-adding and 
non-value-adding activities. Discussion regarding 
eliminating the activities in latter category was a 
challenging job as some people couldn’t believe 
that adjusting traditional product development 
activities can actually help the project. However 
more discussion regarding the actual outcome 
of these activities and inability in finding internal 
or external customers for their output, leads to 
removing them and solve this challenge. The 
final version of activities which only consisted of 
value adding and enabler activities formed Figure. 
DNVFF 2013 development activities hanged on 
systems engineering wall in order to make sure 
that the team will carefully follow the planned 
steps. As shown in the right side of Figure, following 
the steps is an iterative process meaning that the 
team should make sure that with enough iterate 
forwards and backwards between previous and 
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following stages, fulfillment and adaption of the 
requirements should adequately meet. During the 
first semester, these activities covered the left side 
of Vee model and therefore the final deliverable of 
it should be the subsystems blueprints which will 
be needed both in production and testing phases.
In order to cover the right side of Vee model during 
second semester, systems engineer applied 
responsibility-based planning concept; therefore, 
based on each sub-system characteristics (such 
as make or buy decision, production and delivery 
lead time, uncertainty level etc.), major milestones 
such as unit testing or assembly testing due date 
have been identified by systems engineer. Based 
on planned milestones, detail planning has been 
suggested by each sub-system owner. As LE41 
suggested, analyzing the suggested activities 
and categorizing them into value-adding and 
non-value-adding activities has been done by 
systems engineer as the next step and discussions 
regarding this categorization with engineers, led 
to the final list of activities for each subsystem. 
As LE34 and LE52, systems engineer designed 
the board which has been shown in Figure, 
in order to make the project progress and its 
follow up activities, standardized and visible to 
the team members. The project progress board 
consisted of subsystems and their owners name 
on the rows and week numbers on the columns, 
activities names wrote on a post-it paper and 
placed in the corresponding cell based on its due 
date. During weekly technical meetings, sub-
systems owners had to describe what has been 
done in last week and update their part of board 
according to his progress. If the planned tasks for 
last week has been done successfully, its post-it 
paper should be removed, otherwise lagged task 
should be marked with red color and move to a 
new deadline. As the lean philosophy suggested, 
it was highly important to identify and remove 
the root cause of any problem including progress 
delay; therefore, at the end of technical meetings, 
the systems engineer had a deeper investigation 
in the delay causes and the outcome recorder in 
meeting’s minute. Systems engineer by working 
closely with other engineers tried to eliminate the 
delay causes in the coming week. 
2.2.2.7 Risk management
As it mentioned in previous parts, risk 
management is one of the systems engineer tasks 
in any development project and it has been seen 
that proper planning of activities based on Vee 
model will decrease the associated risks. In DNVFF 
project, the systems engineer had more focus 
in technical risks and the project manager was 
responsible for non-technical risk. 
The risk management process started with 
identifying the relevant risks for each sub system; 
therefore, systems engineer arranged specific 
meeting where each sub system owner defined 
Figure 2.2.7: Development process flow chart.
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the relevant risks for his sub system. Besides that, 
based on prior year’s arguments, the biggest 
problem that the team faced in risk identification 
phase is the lack of experience of the team 
members which led to discovering many risks in the 
production phase; therefore, as LE51 suggested, 
the systems engineer reviewed the prior year’s 
emergent risks in production phase and involve 
prior year’s engineers in risk identification phase. 
The outcome was a more comprehensive risks list. 
In order to make the risk management and risk 
tracking easier and more efficient the identified 
risk narrowed down to the component level later. 
The outcome of this meeting was a list which 
consisted of identified risks for each component 
as well as the responsible person for them.
The next step which was the assessment and 
analysis of the defined risks, has been done 
through a deeper analysis of each risk by systems 
engineer and the responsible person; therefore, 
the responsible persons asked to identify the 
likelihood and the consequence of each risk. 
They should give a value from 1 to 5 were lower 
numbers show lower likelihood and lower 
consequence of the risk. In order to make these 
values more reliable, if assigning the values had 
a high level of uncertainty, a further consultation 
with expert professors has been done. Once 
the risk severity values has been calculated by 
multiplying the likelihood and consequence, the 
systems engineer ranked the risks based on its 
severities.
 
Finding a proper strategy for facing with each 
risk was the next step which has been done by 
having more discussion with each sub system 
owner. According to the reviewed literatures and 
based on each risk characteristics four different 
strategy including risk reduction, risk mitigation, 
risk transfer and risk ignorance have been chosen. 
For the risks that fallen into risk transfer category 
due to team inability in producing the part, the 
team decided to find a reliable supplier who had 
a proven ability to make the needed parts with a 
lower level of risk. Producing entire solar panels 
sub system and also magnets for the motor are 
two examples of the parts that outsourced in 
order to transfer the production failure risk. For 
the risks that fallen into risk reduction or risk 
mitigation plan, the team decided to find a proper 
mitigation plan in order to decrease the likelihood 
and consequence. And finally for the risks that had 
lower risk severity value, the ignorance strategy 
had been followed. 
Figure 2.2.8: The project progress board.
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2.2.2.8 Team communication and project 
visualization
Visualizing the project status and most important 
documents of the project was suggested and 
implemented by prior year’s systems engineers. 
The reasons for having a proper visualization was 
to address the following issues:
•	 Although all the documents are sorted 
properly in the NTNU’s server, it was not used 
by the engineers often.
•	 Gaining a clear overview of each sub system 
progress and the whole project status was not 
easy.
•	 There was not a sufficient awareness 
for engineers regarding what exactly is 
happening in other sub systems. This issue 
increases the risk of confusion both in design 
phase and production phase.
As mentioned before the systems engineer used 
different methods in different stages of project 
life cycle to visualize the project through using 
systems engineering wall and improve team 
communication. These methods will be described 
in more detail in the following.
Development activities flowchart
As it has been mentioned before the systems 
engineer made a flowchart which consisted of 
planned activities and their sequence and placed 
it on systems engineering wall in order to make 
sure that the team will be in the right track.
Requirement list
As it mentioned the requirement list which 
consist of requirements description and the 
responsible person name, placed on systems 
engineering wall. As Figure shown, by making 
these lists visible to everybody, risk of emerging 
unconformities during any development stage 
decreased dramatically as everybody reviewed 
the requirement almost every day before making 
any design or doing any production. 
The Project progress board
This method also described thoroughly in 
previous part. As it mentioned before, this board 
consisted of a vertical timeline which drawn along 
the entire length of the board and a horizontal 
column where each sub-system assigned to a 
particular row which spanned the entire timeline. 
One of the benefits of implementing this method 
was that linking the tasks to the project timeline, 
allowed an implementation of takt period which 
was one week; therefore, each cell of this matrix 
represented the tasks which needed to be done 
is a specific week. Having a takt period made the 
progress controlling faster and easier and also 
an automatic constant communication between 
team members and not surprisingly lots of time 
saved in technical meetings. So the team could 
spend the valuable time on more important 
subjects such as delay cause analysis.
Another positive point of having this board was 
that, if a progress delay has been noticed, other 
engineers encouraged to help the lagged sub-
system as the total project progress status was 
based on this sub-system. As an example, the 
DNVFF 2013 experienced a big deviation of plan 
in control system due to lack of having cybernetic 
engineers. As the weeks passed and lots of 
lagged tasks aggregated in coming weeks, other 
Figure 2.2.9: The requirement list.
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engineers tried to find external helps for this 
sub-system, as the result of having an external 
help, the lagged tasks had been outsourced and 
fortunately this sub-system could get back in 
track in the right time. 
The final benefit of having the project progress 
board was that the project manager didn’t need 
to interrupt engineers in order to update himself 
about the project status; therefore, a huge amount 
of time has been saved.
The A3 posters
The improvement worthy sub-systems with their 
respective requirements has been identified and 
couple of different improvement solutions for each 
sub-system has been suggested by engineers. The 
systems engineer, organized and documented 
the proposed options through designing a poster 
for each sub-system, each of them consisted of 
two pages of A3 sheet. First page was consisted 
of current performance of the vehicle, expected 
performance for the competition, the team 
member’s name and dependent subsystems. The 
second page was consisted of proposed options 
for improvement along with their pros and cons 
which become the basis for trade-off study. As it 
can be seen in Figure, these A3 sheets printed out 
and placed on the SE wall.
The author believe that visualizing the 
improvement solutions through A3 posters had 
Wsome benefits for the team. First of all, having 
all the options and their pros and cons in a single 
paper, make the trade-off study more efficient. 
Beside the chosen solution, the second best 
solution always remind in mind; therefore, in case 
of failure in the first solution, second solution 
could play a contingency role. Another benefit was 
bringing the sense of competition to the team, as 
the identified solutions has been shown to every 
engineer; therefore, each sub-system owner tried 
to suggest better options in terms of performance 
compare to other engineers. Last but not least, 
as the dependent subsystems for the chosen 
improvement option has been specified in A3 
posters, stronger sense of collaboration could be 
seen in the team member.
To-Do list
Although systems engineer tried his best to 
list all of the needed activities in development 
phases and placed them in project control board 
during the initial phases, every now and then new 
activities emerged during the project. These new 
activities mainly had a small scope which was easy 
to forget but normally performing them was quite 
important. The aim was to manage these activities 
both in terms of activity collection and making 
sure that they will perform adequately and on time 
based on its priority. Therefore systems engineer 
designed and implemented a to-do board. As it 
Figure 2.2.10: The  A3 sheets.
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can be seen in Figure, the board consisted of three 
different rows. During the week if any emergent 
activity identified by any engineer, as the example 
in Figure  shown, he filled out the proper colour of 
post-it paper and placed it in the corresponding 
row. Reviewing the listed activities in To-do board 
has been done at the end of weekly technical 
meetings, a responsible person for each activity 
Figure 2.2.11: The to do list.
Figure 2.2.12: A3 poster for the suspension concept evaluation.
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and a deadline for performing has been identified 
and the activity transferred to the project control 
board.
As it has been mentioned in relevant literatures 
a dynamic environment is one the basic 
characteristics of any product development 
projects. The author believe that using this 
tool had huge benefits especially in DNVFF 
2013 project where the engineers didn’t have 
enough expertise to identify the activities early 
in the project; therefore, more dynamic activity 
definition and more reliable project control has 
been done through implementing To-do board.
Office layout
The last issue to be addressed in terms of team 
communication was the DNVFF 2013 office 
layout. The systems engineer during initial 
technical meetings by suggesting a better office 
layout where engineers with most interacting 
subsystems should seat close to each other and 
systems engineer and project manager should 
share a common place. The suggested layout 
aimed to ease the useful communication between 
relevant team members and decrease the chance 
of emerging non-conformity in designed and 
produced components. Having a better layout, 
made the initiating of the communication easier 
and also had a positive effect in learning; therefore, 
engineers with different background could share 
their knowledge in a more efficient way. 
Figure 2.2.2: Office layout.
Table 2.2.1: Office layout roles.
Place for Main tasks
A 1st Mechanical engineer Wheels
Solar panels
B 2nd Mechanical engineer Wheels 
Mechanical exterior
C Electrical engineer Motor
D 3rd Mechanical engineer Steering 
Suspension
E 4th Mechanical engineer Break system
F Cybernetic engineer Control systems
G Systems engineer
H Project manager
I Dining place, Informal 
gatherings
J Graphical designers
K Place for under analysis 
parts.
L SE wall
M Project control board
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Figure 2.2.13: Heating of the motor bearing housing.
2.2.2.9 Validation, Verification and Testing 
activities of the DNVFF 
As the reviewed literatures suggested, the VVT 
activities needed to be performed during the 
entire project life-cycle. During the first semester, 
VVT activities of definition and design phases has 
been done through using simulation software; 
therefore, the team could validate the suggested 
designs before going to production phase.
During the second semester, the VVT activities 
related to implementation, integration and 
qualification phases has been performed by 
systems engineer. Based on relevant literatures 
and prior team’s documents, the systems engineer 
made a test manual for DNVFF 2013 project. He 
also believes that this manual can be used for 
future teams as well. This part will mainly focus 
on the VVT activities which has been performed 
based on test manual during the second semester.
Prior systems engineers always emphasize on 
testing phase importance and suggested to 
future teams to plan production activities in a 
way that a longer period of testing time will be 
conceivable at the end of project. The actual 
systems engineer was aware of this issue and tried 
to address it by planning six weeks of testing but 
unfortunately some of the suppliers couldn’t meet 
their commitments on time; therefore, a very 
long delay happened in realization of couple of 
subsystems. As an example the only supplier who 
can provide the specific kind of magnets which 
were needed for the motor, located in China and 
they prepared the magnets with four weeks of 
delay; meanwhile, of course the team adjusted 
the old motor in order to make it usable in the 
worst case scenario. Beside that for some parts 
such as knuckles, although some of the external 
producers confirmed that they are fully capable 
of producing the ordered parts, they failed to 
produce them after several attempts; therefore, 
the engineers had to start the production in a very 
tight schedule with the institute’s milling machine 
which was not proper for production of these 
parts. Due to the mentioned issues, the testing 
period decreased to three weeks.
Based on test manual, testing procedure starts 
with defining what are needed to be tested, the 
requirements for passing the test, the person who 
will perform the test, needed tools for testing 
and desired performance which should be listed 
in the test plan document carefully. Next step 
was to performing the test and gathering the 
relevant data and making them ready for future 
analysis. After performing each test, reviewing 
of the collected data was done during informal 
gathering of engineers where they decided what 
should be change or adjust.
Unit testing
White-Box testing performed during unit testing 
phase where structural characteristics of different 
parts studied. Based on testing manual and 
reviewed literatures, during the implementation 
phase, subsystem owners should perform the 
unit testing of each subsystem’s components 
before assembling the subsystem into the car. 
The main aim of unit testing was to validate the 
simulations which made by software previously; 
therefore, each produced part should check 
with its blueprint and any production problem 
should be identified and fixed. If fixing the 
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Figure 2.2.14: Steering test in the workshop.
problems couldn’t achieve by small adjustments, 
development of the component should start from 
the concept phase again. The systems engineer 
due to time and resource constrains which the 
team faced with, prioritized the structural analysis 
of the parts that responsible engineer assumed it 
as the most critical ones. 
Motor was the most important subsystem for 
DNVFF 2013 team, this is underlined by the fact 
that the last year team couldn’t make a new 
motor due to some problems and they just 
used the motor from 2011team; therefore, 
unlike other subsystems, if the team was not 
successful in making a new motor, competing 
with a very old and inefficient motor could 
jeopardize the whole project. Besides that, 
motor was the only subsystem with dozens 
of interfaces with other subsystems and any 
unconformity with its initial design could 
make a huge problem for other subsystems 
as well. Unit testing of the motor lasted for 
four days. Almost all of the produced and 
bought components has been checked with 
the blueprints. 
Assembly testing
As it has been discussed earlier, assembly testing 
activities should perform during the integration 
phase where the produced subsystems must 
be controlled in terms of their interfaces and be 
able to integrate successfully to make the system. 
According to the reviewed literatures the team 
was aware that having a physical prototype in this 
phase could reduce the risk but unfortunately for 
the DNVFF 2013, the car was the final product and 
the time constrains forced the team not to use a 
test frame in order to reduce the risk while testing. 
In this phase the team needed to confirm that 
Shell requirements have been met and there 
is no interface problem. Based on prior team’s 
experience and relevant literatures, in this phase 
the team decided to differentiate the testing 
approach for mechanical assembly testing and 
the engine-control system assembly testing. The 
reason was that the latter subsystems unlike 
the former ones are not divided into parts; 
therefore, for mechanical subsystems, a bottom-
up integration testing performed while for control 
system and the propulsion subsystems, a Big bang 
integration testing performed where the aim was 
to assemble subsystems and test the assembly.
For the mechanical subsystems, components have 
already been verified by testing or checking the 
producer’s certificate; therefore, they assembled 
together and formed the subsystem. Testing the 
functionality of subsystems or Black-box testing 
performed as the next step. This test performed 
for all of the mechanical subsystems and once all 
of them passed the test, they assembled together 
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Figure 2.2.14: Steering test in the workshop.
and the result is tested to make sure that there is 
no integration problem in the system level.
For the motor and control system, a test bench 
used to test the complete drive train and also 
testing the battery behaviour under low voltage 
and over current. The main aim was to measure 
the efficiency for different operating points.
Mechanical assembly testing
2013 team was luckier than last year team because 
unlike them, the monocoque was already tested 
under race conditions in 2012 so its performance 
was known for the team and this decreased 
the failure risks. Besides that, performing the 
integration test with the similar but improved 
subsystems and a previously tested monocouqe, 
decreased the technical risk related to different 
parts’ safety. According to these issues and also 
resource limitations, the team decided not to build 
a test frame but rather assemble the subsystems 
into the legacy monocoque and test the system.
The first testing event was done indoor at 
workshop of Verkstedteknisk bygget just a night 
before the car revealing event. New motor was 
not ready and the team mounted the adjusted 
old motor and checked the Shell requirements 
and also mechanical subsystems based on 
suggested test plans. All of the mechanical 
subsystems behaved very well while the car was 
zig-zag driving between the machines. When 
the same test performed at a higher speed, the 
team noticed that the rear wheels are not totally 
aligned, the alignment activity performed to fix 
this issue .
After fixing the mentioned issues and during the 
revealing event at Sirkus shopping center, the 
team had a second chance to drive the car again 
in a more challenging situation and check if there 
is any problem left. The car behaved very well and 
finished the lap successfully, but as it was the first 
time that the car drove while the rear wheel covers 
were attached, one of the wheels were touching 
the wheel cover which fixed later.
Propulsion and Control system assembly
As mentioned before, the team needed to use a 
test bench for these two subsystems. As the prior 
year’s team mentioned, the assembly test of these 
two subsystems was held at SmartMotors because 
the team didn’t have access to their own test 
bench. However they were not satisfied because 
not having an in house test bench forced the 
team to perform the testing not as much as the 
team needed; therefore, 2013 team decided to 
perform the test in coordination with department 
of Electric Power Engineering of NTNU. The 
team borrowed a test bench and placed it in the 
workshop. Testing procedure consisted of testing 
the complete drive train on test bench with 
different loading and speeds and also to study the 
batteries behavior. 
Although the motor was produced in a very high 
Figure 2.2.15: Driving at the revealing at Sirkus shopping mall.
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quality, the electrical and cybernetics engineers 
had a strange problem in syncing the motor and 
the motor controller. Unfortunately fixing this 
problem and finding the optimum parameter for 
the motor controller took a very long time and 
consequently the team couldn’t start the final step 
which was performance test with optimum motor 
in the desired time. However, the performance 
test was carried out to some extent. 
Performance testing 
Performance test for DNVFF 2013 consisted of 
testing the car under realistic situation and check 
how the car behaviours. Once the mentioned 
problem with the motor solved to some extent, 
the motor mounted to the car and series of 
performance test, based on test plans carried out. 
The systems engineer and mechanical engineers 
were responsible for doing the tests and in the 
meanwhile the electrical engineer and some 
external specialists arranged meetings in the 
workshop to find the optimum parameters for the 
motor controller.
Initially the performance test, planned to perform 
in two weeks but due to emergent problems, 
this period reduced to 3 days. Due to the time 
constraint, the team decided to perform the tests 
in the parking lot and the streets close to the 
workshop which has a driving condition similar 
to Rotterdam racing track. By choosing a close 
test place, the team was able to fix any emergent 
problem quickly by having access to the workshop. 
Steering accuracy test, break test, turning in high 
speed, emergency evacuation test, visibility test 
etc. has been performed.
Figure 2.2.3: Driving dynamics test at 
Gløshaugen.
The steering accuracy test performed in the 
parking lot where the systems engineer placed 
the cones and made a driving route based on 
Shell technical inspection deriving route and the 
driver drove the car in this route and could finish 
it without any difficulty. The break test carried 
out by placing the car on the slope behind the 
workshop and testing the break performance in a 
way that Shell will perform later in Rotterdam. For 
performing the turning test in high speed, due to 
mentioned problems, the team couldn’t reach the 
desired speed with the motor; therefore, the car 
drove in a downhill road and reached the desired 
Figure 2.2.16: The motor test bench.
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Figure 2.2.17: Driving dynamics test outside workshop.
speed. For Emergency evacuation test and 
visibility test, the driver sat inside the car and the 
systems engineer tried to see if he can read letters 
that are placed every 30 degree. The systems 
engineer also made sure that the mirrors provide 
enough rear visibility for the driver. Beside these 
tests, the driver spent a proper amount of time 
for driving the car in real-life driving condition 
in order to gain valuable experiences which will 
be needed in the race-track. Except some small 
adjustments, the whole car could reach the 
desired level of performance.
Figure 2.2.16: The motor test bench.
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2.3 PR & 
Sponsors do not come running after our project and 
the ones the team got a hold of did not stay on board 
to be nice. They want to see the car in the media and 
their names on promotional material and the car. In this 
process the whole team got to participate, but the PR & 
Media team led the process.
MEDIA
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2.3 PR & MEDIA
A team such as DNV Fuel Fighter needs a person 
or more to work with communication. The media 
manager(s) should work with letting people know 
about the project, this can be done in several ways. 
Some ways is to be out there with the people to 
talk with them face to face, but also work to get 
attention in the press, both local and national. 
How to do the this job might vary, but it’ s always 
important to have a strategy so you work efficient. 
In this chapter you get to know how the media 
mangers for DNV Fuel Fighter in 2013 worked. The 
media mangers for this year’s team were Vanja 
Gjelstenli and Catrine H. Hovland, they both study 
in their 5th year in Media, communication and 
information technology at Dragvoll , NTNU.
2.3.1 MEDIA STRATEGY
2.3.1.1 Goals
The main objectives of our communication plan 
are to get as much publicity as possible for DNV 
Fuel Fighter. This includes the car itself and the 
members of the team. Also our sponsors, especially 
DNV will be important for us to represent. The 
university and Shell Eco-marathon is important as 
well. 
Our goal is 150 articles, appearances on television 
and radio.  We will also participate in 15 events 
and stunts.  In addition our goal is to tell about 
the progression of the car, and tell about events 
and our stunts, on social media platforms such as 
Figure 2.3.1: The audience is admiring the DNV Fuel Fighter during the official revealing event.
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Figure 2.3.2: Some of the online articles about the DNV Fuel Fighter in 2012-2013.
Facebook, Twitter and on our homepage. 
We want to make this project as accessible to 
our audience as possible. This will of course be 
achieved by media attention. But social media is 
a great way to really let people SEE the process of 
making an eco-friendly, highly technological car 
for Shell Eco-marathon. 
2.3.1.2 Audience
In order to achieve our goals we need to get as 
much attention as possible, to do this we need 
to target our communication differently towards 
different groups of people. We have defined four 
important groups for our project. They are as 
follows:
Students attending Norwegian University of 
Technology and Science (NTNU)
There are two reasons why this group is important. 
First, they are possible recruitment material for 
future DNV Fuel Fighter cars, and participation 
in Shell Eco-marathon Europe. Second, NTNU 
students are naturally interested in NTNU projects. 
Therefor they are our most enthusiastic audience, 
and a great way to spread the word about our car 
and Shell Eco-marathon.
This group will be reach by stunts and events at 
NTNU campus, and through both student media 
and media in general. 
The public
Most of our communication will in the end reach 
your typical John and Jane Doe. This group 
may not have a personal, political or business/
technological relationship to our project. The 
majority will be made aware of our car and the 
competition in Rotterdam. But we also have to 
consider the people who will have an interest in 
the technical innovations and the eco-friendly 
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part of the project and competition. 
This group will be reach by stunts and events 
mainly outside NTNU campus, and the general 
media.
Politicians
We will get politicians interested in our car because 
the concept of a sturdy lightweight eco-friendly 
car is important for a sustainable future. So it is a 
project politicians will want to be associated with. 
This group will be reach by media, and an 
invitation to the revealing of the car.
 
Business
At the same time business both locally and other 
places in Norway might have an interest in the 
technology. So it is important for us to make sure 
they know who we are. 
This group will be reach by media, and an 
invitation to the revealing of the car. We will also 
be in direct contact with this group for sponsoring 
and knowledge transfer. 
Reach
We will use social media to connect with our 
followers on a regular basis. There are stories to 
tell about DNV Fuel Fighter, and one of the best 
ways to tell them is through social media. We value 
the possibilities of interaction with followers, and 
the transparency we can achieve throughout the 
project. We hope to engage both young and old, 
professional and John and Jane Doe, with the 
stories we tell.
RESULTS
We reached our main goal, we won the 
communication award in Shell Eco-marathon 
2013, but how did we managed it?
First of all you should know that planning is 50 % 
of the work. Whatever you want do, plan it, and do 
it well. If you want to sell a story to a newspaper, 
plan how you should sell it, and have a goal for 
why you are contacting the media. Know what 
you want to sell. Try to do it as easy as possible for 
Figure 2.3.3: Good vibes with two trophies to take home.
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the journalist to write about it. If you are planning 
to join at a stand or an event, be sure that you 
have a reason to do it, not just join because you 
can. Do it because it is a great way to talk with the 
guests at the event, do it because you want to 
recruit people, do it because it will give you media 
attention. The reason does not matter as long as it 
is one that will give you something back. 
With some hard work we reach to get over 100 
articles in the media this year, some in local news 
paper, some in the national newspaper, some in 
the internet. We have been on the radio and we 
have made films that are on Youtube. 
Another way to reach out to the people is through 
the social media. We have been using Facebook 
as our main channel, but also had a web-page. 
This is a great way to update people how things 
are going with the team and project. How much 
you should use it is hard to say, we have had our 
ups and downs, but in the last weeks we tried to 
update as often as possible.
But what is the last thing you should do to win? 
- Do a great job in the Netherlands. You should 
have a plan for each day when you are there. Plan 
when you should get to know other teams, plan 
how the stand should be, plan how you want to 
communicate with the media, and try to plan 
when and what you should update in social media.
So what is our tips for you: plan everything and 
know that things take time. Do not underestimate 
the work you should do and keep up the good 
spirit and be ambitious. Everything is possible if 
you work hard. 
Figure 2.3.3: Good vibes with two trophies to take home.
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2.4 DESIGN 
The second DNV Fuel Fighter monocoque just missed 
out on the Design Award in 2012. In the work towards 
the 2013 competition to finally win it was a goal that 
united the whole team.
WORK
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Figure 2.4.1: The DNV Fuel Fighter at Ahoy stadium.
2.4 DESIGN WORK
As the team lined out the strategy and priorities 
towards Shell Eco-marathon Europe 2013 it was 
decided that the design philosophy of the 2012 
team was to be continued. The team wanted to 
build an elegant car representing our vision of 
cutting edge car design while still fighting for a 
top position in our race class.
To do this the team lined out four focus areas:
•	 The “new” look.
•	 Elegant solutions.
•	 The interior.
•	 The graphical design.
The “new” look
The 2012 DNV Fuel Fighter looked new. A main 
goal for the 2013 design work was to not make the 
car look repaired. As the car arrived in Rotterdam 
it should look as if it was absolutely new. This 
meant that no new holes should be made leaving 
old ones visible and that ad-ons should look as 
if they were meant to be there. The solar panels 
are the perfect example of a great execution of 
this philosophy as they improved the look of the 
car in the end. The result of this can be found 
throughout the technical parts of the report.
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Figure 2.4.1: The DNV Fuel Fighter at Ahoy stadium.
Elegant solutions
When designing the details of the car the idea was 
that simple and elegant solutions with few parts 
are the lightest, most reliable and best looking. 
With that idea in mind it was possible to work 
towards the range and the design award without 
making sacrifices. The result of this can be found 
throughout the technical parts of the report.
The interior
The cars that usually win the design award in Eco-
marathon do not do well in the actual competition. 
This makes them able to have heavy weight 
solutions. This year the NTNU team wanted the 
car to look more like a real car without sacrificing 
our main aim: The range award. The solution was 
to make a detachable interior. The result looked 
fabulous and is presented in chapter 3.2 Interior.
Graphical design
To take the visual appearance of the car as well 
as the project to a new level the team got two 
graphical designers fom NKF, Norges Kreative 
Fagskole. Their work resulted in a visual identity 
that ranges from the car and website to this report 
and it is presented on the next pages.
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2.4.1 THE GRAPHICAL PROFILE
The 2013 DNV Fuel Fighter is inspired by the 
slogan “the way forward”, the Nordic light and 
technical innovation. The target group for the 
project was students, but also others with interest 
in technical innovation.
The logo
To make the identity recognizable for the 
audience already familiar to the project we kept 
the hummingbird as the logo symbol, but to give 
it more energy and keep it consistent with our 
concept and slogan we changed the illustration 
to make it move forward.
Figure 2.4.2: The new hummingbird logo on the hood of the DNV Fuel Fighter.
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Figure 2.4.3: The DNV Fuel Fighter 2013 graphical profile colors.
SUPPORT 
COLORS
MAIN COLOR CONTRAST 
COLOR
The colours
As the only team from Norway we chose colours 
inspired by the Nordic environment to stand out 
on the competition and create a unity. The main 
and support colours are inspired by the Nordic 
winter and the orange contrast colour by the low 
winter sun. 
The fonts
To create associations to technical innovation we 
used the sans-serif font called Sansation in the 
logo and Myriad Pro as concept font.
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Figure 2.4.4: Applying the graphical profile: Car design, web-page and promotion articles.
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Figure 2.4.4: Applying the graphical profile: Car design, web-page and promotion articles.
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Figure 2.4.5: The DNV Fuel Fighter at Ahoy stadium.
2.4.2 RESULTS
The new graphical profile and car design fared 
well and did well in all the three categories they 
could influence.
Design Award:
As the graphical design team’s main goal it was 
a great relief as one year of hard work could be 
summarized in the Design Award trophy. The 
jury’s comments supported the graphical work, 
but this also include the technical details which 
the rest of the team created. 
“The jury was impressed by the smooth lines of 
the vehicle and the use of branding, graphics and 
panel placing. The vehicle projected a strong visual 
identity, with colours, graphics and attention to 
detail.  A removable display panel and a sound 
system in the car’s interior are also commended.” 
(Shell, 2013)
Communication Award:
The graphical designers never aimed for the 
Communication Award, but they always helped 
out when new promotional material was to be 
made. As a result their work was part of what 
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Figure 2.4.5: The DNV Fuel Fighter at Ahoy stadium.
tipped the scale in the direction of the second 
trophy won in 2013.
“The team demonstrated a well-organised and 
professional approach and strategy, both in 
traditional and digital media. They included 
public relations members in their team and 
consistently applied a new visual identity in all 
their communications material and activities.” 
(Shell, 2013)
Shell Student Energy Challenge
The submission from the DNV Fuel Fighter team 
reached the top five in the Shell Student Energy 
Challenge against the 183 other teams, but did 
not take home the big prize. The submission can 
be viewed on the next page.
CONCLUSION
The design work was a great part of what made 
the 2013 competition a success for the NTNU 
team. It helped the team win trophies and united 
the team through common goals and a visual 
identity.
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Figure 2.4.6: The DNV Fuel Fighter submission for the Shell Student Energy Challenge.
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3   TECHNICAL
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3.1 EXTERIOR
Some minor changes was made to the body this year, 
including work on the towing hook, minor fixes on the 
door, and incorporation of ventilation.
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3.1.1 TOWING HOOK
The new rules for the 2013 competition 
dictated that the hook was no longer allowed 
to protrude in front of the body and we needed 
a new solution for the towing hook. We wanted 
to solve this without making new holes in the 
monocoque and we wanted to make a push-push 
mechanism (fig. 3.1.1) to hide the hook when it 
was not needed. This is explained further in the 
autumn report (Holmefjord et al., 2012).
Requirements
These are the criteria we used for designing the 
towing hook
•	 Load	capacity	of	2000	N
•	 Lightweight
•	 Small	visual	impact	on	car
•	 Intuitive	and	easy	to	use
Concept development
The chosen concept’s functions were divided 
into sub-functions and different solutions were 
explored, shown in fig 3.1.2.
Figure 3.1.1: Push to release, push to hide.
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Figure 3.1.2: Solutions to sub-functions.
Sub-functions Solution 1 Solution 2 Solution 3 Solution 4
Mounting Anchor Brackets Platform legs Legs attached 
over and un-
der
Carbon Fiber 
Anchor Brackets
Release/lock 
mechanism
Linear motion with locking 
points
Cam groove and follower
|
Load bearing Plate resting on chassis Hook supported by mech-
anism
Locomotion Compression springs Extension springs Manual
Guiding Guiding wheels/rollers Guiding brackets Guiding tracks
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The hardest part was to find a solution for the 
locking mechanism. We tried to find a solution 
where a follower pin could be pushed through a 
cam groove. It needed two stable positions; one 
where the hook is inside the car, and one where it 
is outside. The principal for bringing the follower 
up the correct side of the groove when pushing 
the hook back inside were found on a patent site, 
(Strut Patent), and we devised a modified version 
of this one to make it fit our purpose. See figure 
3.1.4.
When the hook is in the outside position, the 
plate rests against the chassis. This way the hook 
itself takes up the forces and the mechanism is 
not burdened and can be very light weight. 
Function model
As soon as we had something that looked like 
a concept that could work, we went and made 
a function model. We wanted to see and feel 
how the cam groove would work and verify if 
it was even possible to do it on this scale. The 
groove was machined in the Makino, and the 
follower pin was made from 2 mm spring steel 
wire. We found a carbon fiber plate and used 
some aluminum pieces to make a frame in the 
vice. The function model performed pretty well, 
but it required a lot of force to push in. This was 
adjusted by altering the slope and angle of the 
groove, and choosing weaker extension springs. 
To get rid of the squeaking, the tip of the follower 
pin was dipped in Araldite. SolidWorks was used 
to finalize a design and prepare it for production 
(Fig. 3.1.5).
Figure 3.1.3 shows the function model we built 
and how it works:
1. Outside position. Hook is resting on chassis.
2. Hook is pushed in. The pin is guided up the left 
side of the cam groove
3. Inside position. Hook is restrained by the pin 
resting in the groove.
4. Hook is pushed again and the pin will rush back 
in the right side of the cam groove, dropping 
down in to the outside position. 
Figure 3.1.3: Function model.
Figure 3.1.4: Detailing sketches.
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Figure 3.1.5: SolidWorks was used to finalize design and prepare for production.
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The whole mechanism was designed as three 
plates of carbon fiber that acts as guiding tracks 
and a frame. The plates were produced from 
prepreg and then machined to the desired shape. 
The groove would have to be in aluminum to 
ensure a hard and smooth surface for the pin to 
slide on. We had to make the hole around the 
towing hook a bit bigger so it was possible to 
push a finger all the way in to release the towing 
hook.
We reused the old towing hook. Slots were milled 
in the hook plate to attach it to the carbon fiber 
middle plate (fig. 3.1.6). The hook was then 
simulated with the working load again to verify 
that the slots did not make a significant impact 
on the strength.
The cam groove was machined in the Makino. 
Figure 3.1.7 shows the groove and how it works. 
In the top right corner is the drop that forces the 
follower pin up the slope and around the other 
side. The triangle on the right was milled away to 
make it as light weight as possible. 
When we attached it to the car we had some 
trouble with connecting the lower anchor 
brackets because of the little groove in the floor 
where the core material in the floor starts. We 
therefor had to improvise another solution. It felt 
like the two upper ones would be strong enough 
on their own but the mechanism bended a little 
upwards when it was pushed so we needed 
something to keep it down. We made one leg/
bracket going down to the floor. This made it 
really sturdy. We also tested that it would not get 
in the way of the driver’s feet.
The finished mechanism behind the hook, fig. 
3.1.8, only adds some 100 grams to the car. It had 
a nice snappy feel and good pushing resistance.
Figure 3.1.6: The middle plate after machining. 
Figure 3.1.7: Machining the cam groove. 
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Figure 3.1.8: The finished  towing hook mounted inside the car.
106 DNV Fuel Fighter
Figure 3.1.9: Wind grabbing the door.
Figure 3.1.10: To the left; the old hinges. To the right; the new ones installed on the car.
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3.1.2 DOOR
Several minor improvements were made to fix 
the problem with the door blowing open during 
driving, as shown in figure 3.1.9. We experienced 
that even during standstill strong winds could 
pull open the top part of the door and bend out 
the window. We evaluated this in the autumn 
project and decided to go with fixing the current 
door rather than making a new one.
Hinges
There was a problem with gaps around the door 
that let in air and allowed wind to grab a hold. By 
pushing the door inwards and upwards we could 
see that the door was in fact very well made for 
the opening, but it had sunk, bent and deformed 
in to a worse fit. The hinges made last year was 
drooping and sunken and this in turn made the 
door hang and become deformed. We decided to 
keep the hinge design, but to remake them with 
more layers of carbon fiber. 18 layers of prepreg 
were cast on a Teflon steel plate to make the new 
hinges. They were then CNC machined to their 
shape. We also turned new aluminum tubes to 
mount them on because the old ones would not 
fit the new thickness. 
After fitting the new hinges the overall fit of the 
door was much better but some bigger cracks 
appeared on the front of the door. We used a heat 
gun to gently heat and carefully bend the door in 
place by hand. This mostly solved the problem, 
and the door looked much more streamlined. We 
made the hinges twice the thickness and they 
only added 11 grams to the car. A comparison 
can be seen in figure 3.1.10.
Magnets
One larger magnet was fitted to the top left 
corner of the door opening. Three smaller ones 
were fitted to the top right corner and along 
the front side of the window. See figure 3.1.11. 
Because of how the door opens the magnets 
doesn’t pose as an obstacle when pulling in the 
handle. They are very strong when trying to pull 
straight out, but when pulling the handle the 
top part of the door slides easily off the magnets. 
After changing hinges and installing the new 
magnets the door never created any problems. 
Figure 3.1.11: New magnets installed in the body.
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3.1.3 VENTILATION
It was hard to judge if the car actually needed 
more ventilation. During testing in Trondheim 
fogging was never a problem and we agreed 
that it would not be necessary. This decision 
was made in dry weather. Under the technical 
inspection however they demanded that we 
make additional holes for ventilation. The 
reasoning for this was the wet weather conditions 
on the track in Rotterdam. 
We had already explored different options for 
making new ventilation holes without making 
a great impact on the car visually or structurally. 
We had brought the Dremel and used it to drill 
holes in the wheel wells on both front wheels. 
(fig. 3.1.12-13.) The holes were placed as far away 
from the anchoring points of the suspension as 
possible and away from the worst splash zone 
of the wheels. We made six holes in each wheel 
well, rather than making bigger holes that need 
to be covered up with a protective grill. The rules 
state that the driver should not be able to reach 
the wheel well from within the cockpit (Chapter I, 
article 41. c))
During the competition there was never any 
heavy rain but it was extremely moist air. The 
windows started fogging up after a short while, 
and the driver was fitted with a sponge to wipe 
the windows when it got too bad. The driver 
stated after the race that the fogging conditions 
were acceptable.
3.1.4 CONCLUSION
The exterior/body of the car performed well 
needing only minor fixes since last year. We 
mentioned in the autumn report that we would 
try to make new windows for the car since they 
have a lot of imperfections. This was abandoned 
due to financial reasons and the fact that it was 
not crucial for competing.
The new towing hook impressed the judges from 
the Design Award jury and was generally very 
well received.
Fogging is not a problem in dry weather but 
in case of really humid conditions additional 
ventilation (e.g. in the form of a PC fan) should 
be considered. Even if the driver thinks it is 
acceptable, the organizers of Shell Eco-marathon 
might react, and it steals attention from the 
driver. 
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Figure 3.1.12: The ventilation holes seen from the inside.
Figure 3.1.13: The ventilation holes seen from the outside.
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3.2 INTERIOR
This year’s work with interior has focused on building 
a removable dashboard, a separate racing module and 
attachment of new equipment. 
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3.2.1 EXPERTS IN TEAM (EIT) 
DASHBOARD
This year again we had a group of students from 
EiT (figure 3.2.1) that would help us and make 
something for us through their own project. The 
task we gave them was to make the inside of the 
car look more urban and car-looking. We wanted 
the interior to match up with the expectations you 
get from looking at the exterior.  This was a move 
to get closer to the design award, but our main 
goal has always been the range award. So we told 
them that it had to be done without in any way 
compromising performance. This meant making 
whatever they made easily removable.
The EiT team made a removable dashboard out 
of polystyrene and glass fiber with gauges and a 
touch screen (figure 3.2.2 and 3.2.3), and a set of 
speakers. This was run by a Raspberry Pi. They also 
cooperated with the graphical designers to get 
colors and visual impression in the same style as 
the exterior. The work done by the EiT group can 
be studied further in their own report: DNV Fuel 
Fighter Interior Design. (Rasten et al., 2013).
The gauges and the encapsulation of the touch 
screen were produced by the mechanical 
engineers from drawings made by the EiT group.
We were very satisfied with the dashboard and 
the Design Award judges were as well. We think 
this was an original idea and we saw no one else 
in the competition with a removable interior. The 
music made a lot of people curious to come and 
have a closer look at our car. 
Figure 3.2.1: The EiT-team at the revealing.
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Figure 3.2.2: The screen inside its aluminum encapsulation.
Figure 3.2.3: The speedometer.
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3.2.2 RACING MODULE
The racing module (figure 3.2.4 and 3.2.5) was 
going to be the car’s ‘brain’. Run by a Raspberry Pi 
it would be able to control speed and acceleration 
while updating the driver on important 
information like lap times, lap counts and GPS 
position. The screen was chosen so we could 
utilize the same interface the EiT team had been 
working on.
The outer frame itself was made really lightweight 
from prepreg laid up in a sheet metal mold. A 
back frame to hold the screen was also made 
from carbon fiber. The parts were modeled in 
SolidWorks to keep the dimensions as small as 
possible and still be able to hold the screen driver, 
touch controller, Raspberry Pi and Raspberry Pi 
expansion board. The carbon fiber was machined 
in the Makino.
Figure 3.2.4: The screen, diodes and buttons mounted in the racing module.
Figure 3.2.5: CAD model of  the racing module
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3.2.3 ATTACHMENT OF THE 
CONTROL SYSTEM
All the components in the motor compartment 
must be fixed in case of a crash. The most 
important pieces of hardware to secure are 
the joule meters, the motor controller and the 
batteries – the bigger components. The way this 
is tested during the technical inspection is that 
the officials pulls the different parts situated in 
the back. If nothing comes loose, it is a pass. To 
find the suitable solution for the components in 
the motor compartment we devised a number of 
possible concepts. This process is shown in table 
3.2.1.
Since the batteries can stay in the back during 
the whole stay at the arena, there is no need for 
a solution that is easy removable. After checking 
the durability of the glue, the best solution was 
carbon fiber angles – with their light weight, and 
durability. For the accessory battery cable ties 
were used to secure the battery to the angles 
as shown in figure 3.2.6. For the main battery 
we choose to fix it using only carbon fiber 
angles supporting it towards the side wall in the 
compartment. The motor controller had screw 
holes that made attachment with aluminum 
M4 screws to the angle a good solution. For the 
different electrical cards like the small MPPTs and 
controller cards tape and Velcro was sufficient.
Velcro Carbon Fiber angles Aluminum angles  Holes in the body
Picture
Description Velcro on the under-
side of the compo-
nents and attached 
to the compartment 
floor.
Angles glued or 
screwed to the floor 
of the compartment. 
Rope or cable ties to 
secure the battery 
to it.
Angles glued or 
screwed to the floor 
of the compartment. 
Rope or cable ties to 
secure the battery 
to it.
Holes in the body 
of the car. Rope or 
cable ties to secure 
the battery.
Pros Lightweight.
Easy to take the at-
tached pieces in and 
out of the compart-
ment.
Lightweight.
Durable and rigid.
No chance of coming 
loose.
Durable and rigid.
No chance of coming 
loose.
Easier to customize.
High precision when 
machined.
Super lightweight. 
Weight saving.
Cons Not very strong.
Possibility of the parts 
coming loose.
If glued it is not easy 
removable.
Heavier than carbon. 
If glued it is not easy 
removable.
Possibilities of leak-
ing and reducing 
the strength of the 
body.
Chosen concept
Table 3.2.1: Attachment alternatives
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Figure 3.2.6: The versatility of the mounts make them suitable for attachment of both the small and the big acces-
sory battery.
The MPPTs were attached on a piece of cardboard 
using double sided foam tape, and the board 
taped to the floor of the compartment. The 
cables were labeled, and bunted with cable ties 
to improve tidiness and secure that nothing short 
circuited.
Using carbon fiber angles, glued directly to the 
inside of the motor compartment, pinning the race 
battery against the walls was a super-lightweight 
solution (figure 3.2.7). Each of the angles weighed 
in at a couple grams. The Loctite Super glue was 
adequately strong, so the angles could be ripped 
off and repositioned if needed.
Fixing the luggage box
Article 46h) in Chapter one of the rules (Shell, 
2013) state that all the cars need to make a box 
with the dimensions 500x400x200 mm. The teams 
also need to provide luggage space for the box. 
It has to be easy to place/remove the box, and 
it needs to stay in place when the car is moving. 
The last year’s box was used over again, but the 
attachments were ripped off before one of the 
attempts in 2012 – new ones had to be made. The 
obvious choice was to make something of carbon 
fiber to not add weight. Also, adding some of 
the mounts on the luggage box came up during 
a brainstorming session. The rules state that the 
luggage box will count as part of the driver weight 
if ballast is needed. Added weight here would 
not make the car heavier for the race. Two small 
90˚ angles were made to hold the box in place 
against the wall while with a third the box could 
be fastened with a simple luggage strap hanging 
on the luggage box, shown on figure 3.2.8.
Figure 3.2.7: Battery attachment.
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Figure 3.2.8: The luggage box has the fastening strap mounted on the box.
Integrating a joystick on the steering wheel
For easy controlling of the screen a joystick was 
implemented on the steering wheel and on the 
racing module. The joystick on the steering wheel 
was also ultimately used to set the torque during 
the competition. The joystick was located where 
one of the old buttons had been. This was the best 
compromise between form and function, since 
there were no excessive holes, and the joystick 
as situated right where the thumb of the driving 
hand would be (figure 3.2.10 and 3.2.11). The 
holder for the joystick was made out of POM to 
keep the weight down as shown on figure 3.2.9.
Figure 3.2.9: Joystick holders.
Figure 3.2.10: Milled in the Makino.
Figure 3.2.11: Placement of joystick in correlation 
with existing button hole.
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3.3 CYBERNETICS
The electrical system is the nervous system of the car. 
Optimization of it is crucial to compete in the top of Shell 
Eco-marathon.
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Figure 3.3.1: 3D renders of the modules designed for the 2013 competition.
3.3 CYBERNETICS
This report specifies the redesign and extensions 
made to the car’s existing electrical system made 
by Anders Guldahl in 2010. The new system uses 
the same modular CAN (Controller Area Network) 
bus based special-universal-module structure, 
and reuses the universal modules, as well as 
the rear module. The main changes are found 
in the many new special modules and some 
independent extra modules. Besides keeping 
the flexible and easy expendable nature of the 
existing system, the main focus this year has been 
to cover all necessary functional requirements for 
further development of an MPC (Model Predictive 
Control) based driving strategy controller. The 
car’s wiring has also been further reduced to an 
absolute minimum.
One of the earlier systems main drawbacks has 
been the motor controller’s sensor-less drive 
strategy.  The 3 phase motor controller provided by 
Smart Motor used the back EMF (electromagnetic 
force) from the motor to estimate the rotor 
position to be able to optimally place the driving 
force vectors. Because no back EMF is present at 
zero rpm, the controller wasted a lot of energy 
each time a start up from stand still occurred. 
This problem was solved by adding an optical 
encoder to the motor for direct rotor position 
measurement. Because earlier teams did not have 
direct access to the controller’s source code, they 
also suffered from unwanted shut-downs caused 
by over/under voltages, etc. without being able to 
manipulate those limits. This year we got access 
to alter all relevant software modules ourselves 
to overcome such problems. The tweaking of the 
motor controllers software, as well as the physical 
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Figure 3.3.2: New modules.
implementation of the encoder disc and laser 
gap has been quite tedious and time consuming 
though. 
One of the new modules that we had time to 
implement for this year’s race was a steering wheel 
module similar to the old dashboard module. This 
module reduces the flat ribbon cable running 
down the steering column to one tiny combined 
CAN-bus and power cable. An analogue general 
purpose thumb joystick was also added to the 
steering wheel. A new front module was also 
developed to incorporate buck regulators for 
driving horn, windshield wiper, and ventilation 
fan along with the LED-drivers for the front lights. 
To ease the driver’s interaction with the system, 
a 7” touch screen based module running from 
a Raspberry Pi was developed as a part of the 
experts in team project. Currently this module has 
a fully operational GUI, but due to lack of time, it 
was never integrated into the rest of the system. 
Other modules that has been designed, but not 
yet implement, is an module for GPS positioning, 
inertial measuring and data-logging, one for 
power control and power measurement, one for 
software controlled protection of the DC-bus 
maximum voltage, two for radio communication 
to the pit, as well as fuse boards and etc.
The main issue regarding the electrical system has 
been lack of time and/or resources to complete all 
modules. The modules that got implemented and 
tested in time worked excellent, but the system 
still requires a lot of effort, mainly on software 
development, to realize its full potential.
As of the deadline for this report the final 
documentation for the new modules are not yet 
ready. The designer, Jostein Furseth is going to 
continue his work with the 2014 team and the 
documentation will be available in the fall of 2013.
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3.4 MOTOR
The motor chapter contains all the work with the motor, 
from electrical dimensioning and analysis, through 
mechanical design, the assembly process and results.
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3.4 MOTOR
In the spring of 2011 semester Lubna Nasrin 
designed an optimized axial flux motor for 
the DNV Fuel Fighter as her master thesis 
(Nasrin, 2011). This design incorporated several 
improvements over the previous one, like carbon 
fiber rotor plates, Halbach permanent magnet 
arrangement, the use of Litz wire in the stator 
winding and a more precise simulation model to 
ensure the motor would get the designed back 
EMF. Her design basically showed half the weight 
compared to the previous motor and an efficiency 
of over 97%, a number which also encounters the 
friction losses. 
Nasrin’s design was a very good basis for the 2012 
team to work with.
A high efficiency propulsion system is much 
needed for the car to be competitive. Therefore 
the 2012 team decided to build a motor based on 
the design of Nasrin. Figure 3.4.1 shows the end 
result of this work. Sadly the production proved 
to be more difficult than they anticipated and 
the result was not good enough to be used in 
the competition. That being said, the work that 
Fredrik V. Endresen put into this attempt shows 
the possibility with a design like this and maybe 
most importantly he has discovered several aspect 
when it comes to the physical interpretation of a 
design which might not be easy and therefore the 
effort needed in this part of project should not be 
underestimated.
Is it possible to build a motor with such a high 
efficiency?
A car named Aurora had a similar motor built for a 
similar type of competition in Australia. It’s about 
building a solar powered car which should drive 
across the continent. They developed a motor 
with a motor with similar technology as the 2012 
motor and achieved an efficiency of 97.9% (Lovatt 
et al., 1998), (Csiro). That is however without rolling 
friction. They say the rolling friction belongs to the 
wheel, not the motor itself. With friction included 
the same motor was tested to an efficiency of 
95.7% (Lovatt et al., 1998). Lubnas design takes 
rolling friction into account, but it looks like she 
has underestimated the value for this loss, which 
will be explained later in the test results.
This year there have been more focus on the 
production process, the mechanical students 
have been directly involved in the motor project. 
Figure 3.4.1: The 2012 motor.
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Table 3.4.1: Design parameters of the chosen 
geometry.
T [Nm] 5,000
Put = 3*e*i = T*w [W] 141,4
If [|A] 3,282
w = n/60*2*pi [rad/s] 28,274
e = (e/N)*n [V], rms 14,357
n [rpm] 270,0
e/N [V/rpm], rms 0,053
# pole pairs 24,0
# phases 3,000
# slots per pole per phase, q 1,000
Thickness of stator [mm] 8,700
Outer diameter, Do [mm] 320,0
Inner diameter Di [mm] 210,0
Diameter ratio, kD 0,656
Wire fill factor 0,550
Slot fill factor 0,455
Slot width, inner diameter [mm] 4,581
Slot width, outer diameter [mm] 6,981
Inner end turn length [mm] 30,0
Outer end turn length [mm] 40,0
Copper resistivity [siemens/mm], 60*C 50302,4
Copper area [mm^2] 10,961
Wire length per phase [mm] 8160,0
Phase resistivity [ohm} 0,015
Copper loss [W] 0,478
Eddy current losses [W] 0,050
Mechanical losses [W] 2,800
Efficiency [%] 97,700
Efficiency without mechanical loss [%] 99,628
They do have more experience with materials, the 
use of machines and industrial manufacturing 
methods and are able to provide help for practical 
problems.
3.4.1 2013 DESIGN
Like the 2010-2012 motors the 2013 car featured 
an in-wheel axial flux motor. This type of motor 
is better suited for low speed direct drive than 
similar radial flux machines (Cavagnino et al., 
2001) and (Kamper et al., 2008).
The team decided to go with a single motor 
configuration. Due to lack of resources and time 
restrictions not very large modifications could be 
done to the motor controller and therefore the 
double motor configuration was abandoned. For 
next year’s team a master student in drives and 
power electronics could look into details about 
building a custom motor controller.
3.4.1.1 Motor parameters
To find the best design the criteria used was 5 
Nm and 270rpm. This should be the operating 
point for the motor when the car was cruising 
at a steady 28km/h. However these values are 
not critical because the design which is the most 
efficient at this operating point would also be 
the most efficient at other operating points since 
all possibilities considered here is the same type 
of motor, just different geometries. That means 
they’ll behave the same.
To identify the most efficient design Maxwell 3D 
was used to simulate the flux linkage and thereby 
induced voltage. This number was then used in a 
series of equations to estimate the performance 
of the machine.
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3.4.1.2 3D model in Maxwell
To ensure proper simulation results 3D modeling 
was chosen as the primary tool. Figure 3.4.2 shows 
the model in Maxwell.
Figure 3.4.2: 3D model from Maxwell showing 
one pole pair.
Figure 3.4.3 shows the mesh used in the simulation. 
Many nodes were needed in the air gap to give 
accurate simulation results.
Figure 3.4.3: Air gap mesh.
Transient solution was used to calculate induced 
voltage in the winding. Figure 3.4.4 shows the 
graph with the peak value of the voltage marked.
A model for how the weight affects the 
performance of the car has not been developed. 
Bigger magnets would mean a higher magnetic 
field and therefore a more efficient motor, but 
the extra weight would be negative for the 
performance. That means it was not easy to 
know how big the magnets should be. The old 
motor weighted 21kg including rim. With 10kg of 
magnets in the new motor the weight would be 
almost similar. Lubna’s design was lighter than this 
but with the track parameters and the knowledge 
about the winning car from last year the belief 
was that weight is secondary.
The decision was made to go with 10kg of 
magnets and end up with a very powerful motor 
and a weight similar to the old motor. Simulations 
were done to find the best use of these 10kg and 
the results are showed in appendix A9.
Varying air gap was also tried, but even though 
the simulations were promising the idea of a 
thinner stator was abandoned because an error in 
the stator production would be more severe.
3.4.2 STATOR
The two most promising methods for stator 
design were Litz wire and solid conductors water 
cut from a copper plate.
Litz wires have been used earlier to prevent losses 
because of eddy currents and proximity effect. 
This is based on the skin depth, which basically 
means the current do not flow in the center of 
the conductor at high frequencies. This leads to 
higher losses because the copper is badly utilized. 
Figure 3.4.4: Induced voltage in the winding.
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These wires are used in many high frequency 
applications. Litz wires work because there are 
many thin strands which is insulated from each 
other and then twisted. This gives a uniform 
current distribution and eddy currents are heavily 
damped. 
The water cut windings would have a much better 
fill factor than the Litz wire, which would reduce 
the copper losses. The fill factor in the slots could 
almost be doubled with regards to Nasrin’s design 
with Litz wire because the area doesn’t need to 
be constant and there is almost no insulation. The 
drawback of this design is the eddy currents.
To estimate the eddy current loss the equation 
below (Hanselmann, 1993) can be used.
(3.4.1)
This number can then be estimated for Nasrin’s 
design with a total of 144 slots. For one solid 
conductor in the slot this loss equals 22.3W per 
slot and thus 3222W for the whole machine at the 
rated speed of 25km/h. This loss is not dependent 
on the loading of the machine, but the speed. To 
achieve the right back EMF in Nasrin’s design four 
turns are needed. If the width are divided into four 
series connected conductors the eddy current loss 
are reduced to 189W. This was verified in Maxwell 
3D and later a water cut winding was made and 
tested in the lab to give the same result.
Due to the calculation and simulation results 
it was decided to use Litz wire. With the super 
strong permanent magnets the induced voltage 
per turn was very high. Therefore it was decided 
to only have two turns. In addition it was initially 
a thought that this would lead to an easier 
production process.
The wire used was custom made by New England 
wire technology in the USA.  The specification 
was Type 2 Litz 7 AWG 7X30/30 SPN. This means 
it has a copper area equal to a 7 AWG, which is 
the same as 10.5mm2. It is made up by 7 twisted 
strands which again is made up by 30 twisted 30 
AWG wires. That means it is 210 strands twisted in 
two levels.
This was pressed into a rectangular wire with the 
dimensions 4.3mmx4.5mm to accurately fit into 
the slots in the machine.
The fill factor of this wire is then 55.2% and the 
slot fill factor would then equal 45.6%.
Epoxy was used to give the winding mechanical 
integrity and a way of mounting it to the axle. 
This was bought from Lindberg & Lund. 17110 
Araldite DBF together with the hardener HY956B 
11796 Ren HY956 MP was used because of the 
relatively easy handling. It would not be necessary 
with vacuum or hardening at temperatures above 
room temperature.
Wave winding arrangement was used due to the 
short end turn length compared to the active 
length of the winding and therefore the quite 
efficient design. Figure 3.4.5 shows the winding 
before it’s being casted in epoxy.
Figure 3.4.5: Wave winding.
The windings were done in such a way that they 
could be laid down phase by phase in the mold. 
This meant the end turns of the different phases 
did not cross each other and this can be seen in 
figure 3.4.6.
Figure 3.4.6: The end turns of the top phase is 
always crossing on top.
In figure 3.4.6 a paper with all holes marked can 
be seen. This was used as a guideline so the wires 
would not crash with any of them after the stator 
was casted in epoxy.
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The mold was made in Polystone which is a quite 
stiff plastic material. A small prototype of the 
stator was first made to see if this worked at all. 
This mold was made as a two-piece design and 
not for vacuum casting. Details of this work can 
be seen in figure 3.4.7 to 3.4.10.
A wooden plate was also machined with slots 
so one winding at a time could be made. When 
one phase was finished it was moved over to the 
mold and the next phase was made. This is seen in 
figure 3.4.18.
Figure 3.4.7: Prototype stator mold.
Figure 3.4.8: The top phase is finished and ready 
for the mold.
Figure 3.4.9: The complete three-phase winding is 
ready to be casted in epoxy.
Figure 3.4.10: Prototype stator finished.
Figure 3.4.10 shows the final result of the work 
with the prototype. It was a success and it was 
decided to use the same technique for the real 
stator.
A problem was discovered when the big stator 
mold was to be made. The bottom part was 
supposed to be machined down in a CNC mill. 
This was not possible to do because of internal 
stress in the plate that basically bent the whole 
plate. Therefore a three-piece mold was made. 
This solved the problem because the slots for the 
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end turns and a spacer ring at the outside were 
the only machining necessary. Figure 3.4.11 shows 
the final mold. The spacer ring was machined from 
a Lexan plate and was 8.7mm thick.
Figure 3.4.11: Final mold for casting the stator.
Figure 3.4.12: Bending of the end turns.
Because of the stiffer Litz wire for the real stator 
tools had to be used to bend the end turns. This 
can be seen in figure 3.4.12. Care had to be taken 
not to damage the wires in the process.
When the windings was placed in the mold it had 
to be pressed together to ensure it wouldn’t be 
too thick. The hydraulic press was used for this 
to put the wires in the right place. During casting 
powerful clamps was used as figure 3.4.13 shows.
Figure 3.4.13: Epoxy casting.
The final result can be seen in figure 14 and 15. 
The thickness should be 8.7mm, but was found 
to vary a bit, and was 9mm at the thickest point. 
But with 1mm air gap at each side this was not 
thought of as a major problem.
There are mainly two reasons for this. The most 
important one is that the windings were a bit too 
tight at the inner diameter. From the start the goal 
was to put as much copper in there as possible. 
Therefore the slot width at the inner diameter was 
used as a parameter and the winding is just a bit 
smaller than this value.  What should have been 
used is the slot width inside of the inner end turns. 
This would have provided more space at the inner 
diameter. A steel mold would however solve this 
problem because it would not bend as much as 
the polystone mold. In the future a steel mold 
should be made anyway to ensure that everything 
is in place.
The resistance in the windings was measured after 
the stator was finished to ensure that everything 
still worked. The result is shown in table 3.4.2. 
Since the exact length of wire in each phase was 
not measured the theoretical value is not known, 
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but 9.5m of 10.5mm2 copper wire should have a 
resistance of 15.8mΩ.
Table 3.4.2: Resistance of phase windings.
Winding Resistance mΩ
A 16.3
B 16.2
C 15.8
3.4.3 ROTORS
The motor should have a double rotor with 
permanent magnet configuration. Nasrin 
proposed to use Halbach arrays because of the 
higher flux density compare to a conventional 
north south configuration (Nasrin, 2011) and 
(Røkke, 2006). 
Endresen put together a pair of nice rotors with 
90° N42 Halbach array (Endresen, 2012). After 
simulations in Maxwell it was found that a 45° 
array would increase the back induced voltage 
by 9.8% compared to a 90° array of the same size 
and magnet grade. This is similar with the findings 
in (Maybury, D. et al., 2008). Figure 3.4.15 shows a 
90° array and figure 3.4.16 shows a 45° array. The 
magnets in the 45° array would be half the size, 
and twice as many would be needed.
Figure 3.4.15: 90 degree Halbach.
Figure 3.4.16: 45 degree Halbach.
Drawbacks with the 45° array are more 
complicated assembly and the higher material 
cost. The cost was not really an issue because of 
the proper funding of the project and the motor 
development. The assembly should however be 
an important part of the process to get the motor 
finished before the race.
A 45° array of Ndfeb N52 magnets was ordered 
from Ningbo Xinfeng Magnet Industry Co.,ltd in 
China. They would have a Br of 1.42T and was one 
of the most powerful magnet grades available.
Figure 3.4.18 shows the field strength in the 
middle of the air gap with this magnet array 
simulated in Maxwell. The powerful magnets did 
push 1T through the conductors.
Figure 3.4.14: Finished stator.
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Figure 3.4.18: B-field in the middle of the air 
gap.
Assembly of the magnet array proved to be more 
challenging than anticipated. In figure 3.4.16 it can 
be seen that there are especially three magnets 
per pole that are not very good friends. There is 
one pointing directly up and the two neighbors 
of this magnet do also point up, but in a 45° angle. 
These three had to be forced together if the array 
was to be stable. With two rings this meant that 96 
of these groups had to be glued together before 
the final array could be assembled.
This work wouldn’t have been so hard if the 
magnets had arrived in time. But because of 
problems with placing the order, holidays and 
manufacturing process the magnets arrived very 
late. So late that several team members had to 
work almost nonstop from the day the magnets 
arrived and until the rotor plates were glued and 
done if the new motor was to be finished before 
the race.
The magnets were ordered on 5th of February, 
but arrived in Trondheim on 3th of May. The car 
was supposed to leave for Rotterdam on 11th of 
May, just over one week later. There is more about 
assembly later in this chapter.
3.4.4 LOSSES
The different losses are estimated by analytical 
calculations. Copper loss is calculated from the 
needed phase current and the resistivity in the 
winding which again is a result of copper area and 
wire length.
(3.4.1)
In this design this loss at 5Nm is 0,535W.
(3.4.2)
The Litz wire that was used had 210 strand each 
with a diameter of 0.255mm. With 2 turns, 3 phases 
and 48 poles the eddy current loss at 270rpm with 
a flux density of 1T becomes 0.051W.
Figure 3.4.17: Stator mounted on the axle and placed inside the wheel.
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The friction and windage losses are calculated 
from the following equations (SKF) and (Nasrin, 
2011).
(3.4.3)
(3.4.4)
The friction loss is estimated to be 2.80W with a 
load of 120N, weight of rotors, kf equal to 0.01 and 
equivalent diameter of 20mm for the SKF hybrid 
ceramic bearings. Windage loss was estimated 
to be 0.023W so the total mechanical loss is then 
2.82W.
This is higher than the value first estimated in 
Lubna’s thesis, but should be more accurate since 
it’s the model of the bearings that are used in 
the motor. This means that the friction loss used 
in the analysis is too low. All the values in the 
appendix use the value 1.6W which is what Lubna 
calculated. The efficiency of the design used here 
is reduced from 98.43% to 97.70% due to this.
3.4.5 ENCODER
Previous years the motor has been run by a 
sensor less algorithm. This is not an ideal way of 
operating a synchronous motor. To get maximum 
torque of a given current in the stator windings 
the angle between the field in the rotor and stator 
should be as close to 90° as possible. This cannot 
be done if the controller can adjust the voltage 
vectors quickly if the angle passes 90° - it would 
lose synchronism.
Therefore it was decided to use an optical encoder 
with the motor. To find a suitable encoder was 
challenging. In this axial flux motor the axle is 
standing still and most encoders out there was 
supposed to fit on the axle. Therefore a different 
solution had to be made. What the team ended up 
with was to buy loose parts from US Digital in the 
USA. The EM1 read head together with the 2” disc 
and proper hardware to make this fit to the motor 
controller, like differential board and proper 
cables were ordered. Discs with 2500 slots were 
ordered. This was a mistake as the motor control 
software would have like a proper computer, 
i.e. 2048 much better. The reason for this is that 
the controller needed to divide this number and 
2500 did not give an even number which lead to 
miscalculations. Help from Smart Motor to rewrite 
the software did solve this problem in the end.
3.4.6 TESTING
To verify the performance of the final result the 
motor was setup in a test rig. A DC motor was 
mounted as load and a torque transducer was 
used to measure output power. A Harmonics 
analyzer was used to measure power going into 
the motor from the motor controller and a DC 
power meter measured the power going into the 
motor controller. In addition an oscilloscope was 
used to check voltages and output values from 
the equipment. The test setup is showed in figure 
3.4.19.
The following tests were performed:
- Dummy stator test
- No load test with real stator
- Performance test
This way the hope was to identify the different 
losses in the motor. When running with the 
dummy stator only the mechanical losses are 
present. This is useful when doing the no load 
test with the real stator because if the mechanical 
losses are subtracted from that result what’s left is 
the eddy current loss.
In the blocked rotor test the holding torque is 
found. This gives the maximum value for torque 
per current in the machine. In the performance 
test the real output of the machine is measured 
and the efficiency can be calculated.
Results
All results that are based on the output torque 
have to be used with caution. Because of the 
placement of the encoder on the outside of the 
rotor plate there wasn’t really possible to fit the 
adapter for the torque sensor in a good way. A 
vacuum formed plastic cup was placed outside of 
the encoder and holes were drilled in the plastic 
to be able to fit the torque adapter. This solution 
wasn’t very good because the two motors have 
to be mounted very accurate. A flex coupling was 
used on the axial flux motor, but it could be seen 
when the motor was running that the adapter was 
not in line with the test setup. 
Figure 3.4.20 shows the mechanical losses. This 
is friction and windage loss. At 270rpm this loss 
was measured to be 6.4W which is 227% of the 
calculated loss of 2.82W.
     
 
  
                
 
           
  
 
     
 
  
                
 
 
                        
 
    
 
      (   )
 (    
     
 ) 
 
     
 
  
                
 
           
  
 
     
 
  
                
 
 
                        
 
    
 
 
      (   )
 (    
     
 ) 
 
133ECO-MARATHON 2013
Figure 3.4.19: Test setup.
Figure 3.4.20: Mechanical loss as function of 
rotational speed.
Figure 3.4.21: No load rotational losses.
Figure 3.4.22: Calculated eddy current losses.
Figure 3.4.21 shows the total rotational losses. At 
270rpm this loss was measured to be 10.4W. If 
the friction loss is subtracted from this value the 
remaining is assumed to be the eddy current loss 
in the stator windings, this is showed in figure 
3.4.22. The theoretical eddy current loss was 
0.051W whilst the calculated loss in this case is 
4.04W. That is 79 times as much.
The back emf was measured. Since this is a pure 
voltage measurement and was measured with an 
oscilloscope this is probably the most accurate 
test. The voltage waveforms are shown in figure 
3.4.23 and the voltage amplitude as a function of 
rotational speed is shown in figure 3.4.24.
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Figure 3.4.23: Oscilloscope was used to verify the 
three phase voltages.
Figure 3.4.24: Induced voltage as function of 
rotational speed.
Here it can be seen that at 270rpm the back emf 
is 10.6V rms. The theoretical value was 14.3V and 
this difference is the errors from production. That 
is a difference of 35%. An interesting thing to do 
is to put this voltage into the equations in table 1. 
Then the result is still an efficiency of 99.0% if all 
rotational losses are discarded.
The last test was running the motor with load. 
The large rotational losses ruined the efficiency, 
but it was still measured to 96.3% at 275rpm and 
5.2Nm. Figure 3.4.25 shows the results. When 
subtracting the rotational losses measured earlier 
the efficiency is calculated to 100.7% so the 
number looks to be a bit optimistic. And the fact 
that at 310rpm and 4.75Nm the efficiency is down 
to 87% clearly shows that the measurements are 
not conclusive.
Figure 3.4.25: Efficiency of the motor.
Figure 3.4.26: Efficiency of the motor controller.
Figure 3.4.26 shows the efficiency of the modified 
motor controller from Smart Motor.  It varies from 
78.7% at 230rpm and 4.34Nm to 88.9% at 310rpm 
and 4.75Nm. This shows that the controller is more 
efficient at higher loads.
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3.4.7 MECHANICAL DESIGN
The motor’s mechanical parts were largely based 
on earlier year’s designs. Last year’s engine were 
opened and studied. After all the parts were 
understood and sketched on paper they were 
drawn again in Solid Works from the ground up. 
The biggest difference this year, from a mechanical 
point of view, was the immensely heavy and 
powerful new magnets. 10 kg of permanent 
magnets divided on two Halbach arrays pulling 
on each other with a collected force of 7.5 kN 
(Buøy, 2013). Figure 3.4.27 shows this years motor 
design.
3.4.7.1 Rotor plates
The old engines were designed with one large 
and one smaller rotor plate, so that the engine 
could be separated from the rim. Since we were 
going for machined aluminum we could include 
the rim in the actual motor. The plates would be of 
equal size and the rim itself would act as a spacer 
between them. See table 3.4.3.
We chose the symmetric design because it meant 
that the diameter of the magnet rings (Halbach 
arrays) could be bigger which means a higher 
efficiency. The symmetric design also gave the 
opportunity to make a spare rotor plate that could 
be fitted on either side. We deemed the gluing of 
Figure 3.4.27: Exploded view of the motor wheel.
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the magnets to be the most critical part of building 
the engine, so an extra rotor plate with an extra set 
of magnets would provide a lot of extra security. 
When it came to ordering the magnets we had to 
cut the third one to save money.
When choosing material for the rotor plates we 
looked at both aluminum and carbon fiber. Carbon 
fiber was clearly the lighter option but we wanted 
really high precision surfaces and dimensions 
that we did not think we could achieve without 
using metal. A machined clearance fit between 
the two parts would help to distribute the weight 
of the motor wheel along the edges of the plates 
rather than through the screws along the edge. 
Aluminum also made it possible to mill a 1 mm 
groove, for where the magnets were to be glued, 
to  ensure a concentric result. We designed an 
h7/H7 clearance fit and the rotor plates slipped 
perfectly into the rim where they sat snuggly 
without any wiggling.  For the rim ring we chose 
AL6082. This is described in chapter 3.5.2.
The plates were designed to be mounted to the 
rim with 10 screws going through to the other 
side and fastened with lock nuts. We chose to have 
these screws to ensure against slipping during an 
emergency brake. They would be there to lock the 
plates in place had the fit with the rim not been 
perfect. 
When gluing the magnets however it was not 
easy to get the magnets to align perfectly with the 
holes. We were off by about a millimeter and the 
holes were then useless. To make sure the engine 
would perform without the screws we calculated 
the friction. 
(3.4.1)
Static friction coefficient for aluminum on 
aluminum, µ = 1.05-1.356 (The Engineering 
ToolBox, n.d.). N = FR from appendix A10.
Symmetric Asymmetric
Picture
Description The rim acts as spacer for the rotor 
plates, and the motor is built inside the 
rim.
The motor needs a separate spacer ring, 
but can more easily be taken out of the 
rim.
Pros Symmetric and more evenly distributed 
weight.
Higher accuracy to keep rotor plates 
concentric.
Larger space and diameter for engine.
Easier to disassemble and reach motor.
This has been done before in the two 
earlier engines. 
Cons Harder assembly.
Wheel is further out from car.
Motor part is only fastened to one side 
of the rim.
Chosen concept
Table 3.4.3: Symmetric vs asymmetric design.
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(3.4.2)
 
(3.4.3)
This gives the maximal friction force of
(3.4.4)
(3.4.5)
(3.4.6)
(3.4.7)
(3.4.8)
(3.4.9)
The forces are illustrated in figure 3.4.28.
This means that we have a safety factor of 6 
against slipping (without the screws) even during 
braking.
3.4.7.2 Bearings
To keep the friction to a minimum, choosing the 
correct bearing is important. The bearings are 
what connects the rotating plates and rim to the 
stationary axle. The forces acting on the bearing 
are the weight of the car and the force of the 
magnets trying to push the plates together. They 
are subjected to an axial load of 2000 N and radial 
load of 250 N (see appendix A10). 
This means that the bearings are actually more 
heavily loaded in the axial direction rather than 
the radial, which would seem obvious at first 
glance (see figure 3.4.30). We therefore considered 
a combined radial/axial bearing. To choose the 
correct bearing we sent sketches of the motor 
and the load scenario to SKF. Based on this load 
scenario SKF recommended deep groove ball 
bearing, same type as last year. 
To save weight we wanted the bearings and axle 
as small as possible. The limiting factor here was 
that we needed to have enough space for the 
wires inside. We needed to feed through three litz 
wires from the stator and wires for the encoder. 
The smallest possible hole in the axle was Ø11 
Figure 3.4.28: The blue area shows where the rotor plate is in contact with the rim.
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mm see figure 3.4.29, this gave us a bearing with 
inner diameter of 25 mm. We chose a hybrid 
bearing because they have very low friction and 
can handle dust and other particles better than 
steel. They are also a bit lighter. To verify strength 
and service life we used the SKF web tools, see 
appendix A10. 
We wanted a relatively loose fit on the bearing 
inner ring so it would be easy to assemble and 
disassemble the motor. We asked SKF about this 
and they said that it would be alright to not have a 
press fit since the axle is not rotating. We designed 
it to have g6 fit towards the axle and N7 fit towards 
the housing on recommendation from SKF.
3.4.7.3 Encoder
Encoders for electrical engines consist of a disk 
that rotates with the motor and the encoder 
reader head that reads the disk, see figure 3.4.32. 
In this engine the axle does not rotate so the 
disk must be fitted to the rotor plates and the 
encoder must be fitted to the stator or the axle. 
The electrical engineer found a supplier in U.S.A. 
that sold solutions with separate encoder reading 
heads and disks. The disks were available in stock 
Figure 3.4.29: Smallest possible hole in axle to fit 
the litz wire.
Figure 3.4.30: The loads in this picture were from before the magnets design was complete.
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sizes and could be custom made up to very large 
sizes (diameters up to 12”). 
At first we made a design that incorporated the 
encoder inside the engine (fig. 3.4.31), in between 
the motor plates. This seemed the best solution 
since it would protect the disk and keep it free 
from water and dirt. 
spares. Tips for next year’s team would be to order 
this early if they want a custom size.
To be able to use the stock size we had to fit the 
encoder unit on the outside of the wheel (fig. 
3.4.31). The disk was fitted to the bearing holder 
and the encoder was fixed to the axle. Since it 
was no longer protected against dust inside the 
engine we needed to make a dust cover. We made 
the cover from vacuum forming polycarbonate at 
the Industrial Design workshop.
3.4.7.4 Aluminum screws
Figure 3.4.31: Left: the encoder (red and gold) is inside the engine. Right: the encoder fitted on the outside.
Figure 3.4.32: Encoder unit from US Digital.
The problem was that our axle was too thick for 
the stock sized disks. The inner diameter on the 
disk had to be bigger than the axle and leave an 
air gap for it to rotate. When we tried to order the 
custom sized disks the price far exceeded what 
we had anticipated, and the lead time was so long 
that we could not take the chance. We decided to 
find a solution where we could use the stock sized 
disks. We ordered 5 stock disks so we could have 
one for the new engine, one for the old and three 
Figure 3.4.33: Results from static load to failure. 
Top is steel, rest are aluminum.
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To save weight we wanted to utilize aluminum 
screws and bolts in the engine design. We found 
a supplier in England called Pro-Bolt. Even though 
their aluminum bolts were made from 7075 T6 
alloy, they did not recommend using aluminum for 
critical parts so we decided to test them. We used 
M5 screws and applied static load until failure in a 
tensile testing machine. Figure 3.4.33 shows our 
results. The top one is steel for reference, while the 
other three are aluminum. 
The most critical fasteners in the engine were the 
screws that fix the bearing house. They will carry a 
load equivalent to the axial load on the bearings. 
Fa can be found in appendix A10
(3.4.1)
This means that static load on the screws will be 
40 kg axially. Based on that we deemed it safe 
to use aluminum. Other forces on the screws are 
minimal since the bearing house is held in place by 
a machined groove, see figure 3.4.31 (right). Since 
a lot of the parts are made of aluminum and are 
threaded it’s better that the screws get destroyed 
rather than for example the bearing house. Figure 
3.4.34 shows the threads on the screw failed.
3.4.7.5 Valve
When we examined the old rims it’s obvious 
that they had some trouble fitting the valves 
(see figure 3.4.35) and we did too. Because of 
the motor plates it was hard to find a flat surface 
on the inside of the rim that had open space on 
the outside for the valve filling end. We did some 
research and found slimmer alternative, see table 
3.4.4. We chose to use the same valves for both 
engine and regular wheels. We chose the Presta 
valve (fig. 3.4.36) because they demanded less 
space and were easier to fit into the design. 
  
        
 
     
 
             
 
Figure 3.4.34: Threads ripped off the screw.
Figure 3.4.35: Valves fitted on last years engine 
rim.
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Figure 3.4.36: The Presta valve can be tightened to the rim.
Table 3.4.4: Valve types.
Car valve (Schrader) Tubeless (Presta)
Picture
Description Standard that is used on car wheels Usually used on mountain bikes and in 
professional biking.
Pros Standard on old wheels
Standard connection on compressor
Bendy, less chance of being bent and 
destroyed.
Slimmer, requires smaller hole
Lighter
Easy to assemble
Has a locking nut
Rigid
Possible to remove core valve for large flow
Cons Requires large hole  Longer
Chosen solution
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3.4.8 CAD-ANALYSIS OF THE 
MOTOR PLATES
From the previous engine, the most radical change 
is the use of aluminum instead of carbon fiber in 
the whole design. We have had focus on designing 
a motor we knew we could produce accurately – 
which is crucial for the motors efficiency. Carbon 
fiber is stiff and light but when the parts need fine 
tolerances and finishing by machining, carbon 
fiber does not perform like a metal. The machined 
edges of a composite do not have the uniform 
strength or the evenness that a metal possesses. 
That is the reason for using aluminum for the 
motor instead of carbon fiber. 
The parts with the most structural integrity, the 
motor plates and the axle, are the most critical 
parts to verify using CAD-analysis. Many of the 
parts in the engine are designed quite similar 
to previous years – like the axle. There are some 
different functional surfaces, but the similarity is, 
structural speaking, almost the same. We have 
therefore decided to rely on the work done by the 
2012 team regarding strength analysis of the axle. 
The rotor plates are subject to both static and 
dynamic loads. For the motor to work optimal the 
clearances between the magnets and the stator 
needs to be as small as possible. Our motor design 
has a clearance of 1 mm between the magnets 
and stator. The magnets exert a total pulling force 
of 7584 N (Buøy, 2013)  towards each other (figure 
3.4.37).
Figure 3.4.37: The magnets exert forces on each 
other, pulling the motor plates together.
To verify that the rotor plates do not bend, making 
the magnet ring touch the stator, CAD simulations 
were conducted. The total force of 7584N was set 
as pulling evenly on the magnets top surface. The 
plate was restrained on the outer edge where it’s 
resting on the rim ring, and on the inner part that is 
connected with the bearing holder. This situation 
would occur if the plates are supported in the 
center by a bearing that can withstand the axial 
forces, which our calculations indicate. However, 
the bearing might yield a bit, depending on the 
precision in the bearing manufacturing. 
The magnets glued to the plates make up for most 
of the plates stiffness. Two different methods of 
analysis were conducted to check how gluing the 
magnets together affected the stiffness of the 
plate. In all calculations the magnets are modeled 
as part of the plate’s structure. Since the magnets 
are actually made of a stiffer material than AL6082, 
it is a conservative approach. 
The results shown here are calculations on a 5 
mm plate with a 1 mm groove for the magnets. 
Preconditions were that maximum bending less 
than 0.3 mm would be acceptable. 
Figure 3.4.38: The rotor plate where the magnets 
are glued together.
In the rotor plate where the magnets are glued 
together (figure 3.4.38), making them a solid part 
of the plates structural integrity, the bending 
becomes very small, almost negligible. 
The rotor plate where the magnets are not glued 
together making them able to spread, allowing 
more strain (figure 3.4.39). This situation appears 
to be a more suited situation for our case since the 
magnets were only partly glued together.
In the analysis the number of magnets was 
reduced to 90, simplifying the meshing process so 
that NX did not overload. 
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Figure 3.4.39: The rotor plate where the magnets 
are not glued together.
The maximum bending of 0.105 mm is well within 
the acceptable range.
When the plate bends, the forces increase because 
the distance between the magnets decreases. To 
account for this a third calculation was conducted 
that included the additional magnet force. The 
NX-results and the bending were only slightly 
higher than without the increased magnet forces. 
It is therefore safe to assume that the rotor plates 
will not collapse or bend so that the magnets 
would touch the stator. This is of course assuming 
high precision in the magnet gluing face of the 
motor assembly.
The previous three calculations mentioned 
were executed with the assumption of the rotor 
plates being fixed where it is connected with the 
bearing. However, if the bearing would yield, the 
result would be the same as not fixing it in the 
center. The result of this analysis gave a maximum 
displacement of 0.565 mm, with 0.33 mm on the 
edge of the magnets (figure 3.4.40). Assuming 
that our case is somewhere between these two 
last cases the maximum displacement of the 
magnets would be between 0.105 and 0.33 mm – 
an acceptable result.
All the analysis gave a maximum stress of less 
than 70 MPa, making the displacement the 
design value – we have therefore not focused 
on stresses in the analysis. During the design 
face implementing stiffeners was considered 
as a possible solution in cooperation with a 5, 4 
or 3 mm plate. The problem with this idea was 
that welding on stiffeners would probably cause 
bending in the plate, removing any insurance of a 
plane plate. One other possibility considered was 
to machine the part from a bigger plate, removing 
all the material down to a 4 mm plate, leaving 
only the stiffeners from the original material. The 
problem with this approach being the residual 
forces in the material from plate manufacturing 
could, again, make the plate bend. A secondary 
problem with using stiffeners is the increased 
drag. The final decision was therefore made to use 
a 5 mm plate for the manufacturing and not use 
any form of stiffeners.
All the calculations used the material AL 6082 for 
the material properties, with values found in CES 
Edupack 2012. 
Figure 3.4.40: A scenario where the bearing yields, giving a high maximum displacement.
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3.4.9 PRODUCTION OF PARTS FOR 
THE MOTOR
The whole motor assembly has a total of 83 parts. 
Some parts were bought, some were machined 
here at the workshop, and some were machined 
at local sponsors. The main reason for moving 
the production out of our workshop was the 
complexity of the motor axle and the sheer size of 
the rims – there was no machines big enough to 
produce them in-house. Delprodukt AS was kind 
enough to take on the work of machining the rims 
and motor plates as a sponsorship agreement. 
Finmekanisk AS made the axle at a reasonable 
cost. To keep up with the production of various 
parts for the engine, a production plan was made 
(figure 3.4.41). The production plan specified 
the necessary knowledge of file names, material 
dimensions, date of production etc. With the plan 
hanging on the wall, it made for an easy overview 
of the production progress. All the machine 
drawings can be found in the PU-journal.
Figure 3.4.41: The production plan for the motor 
part, rims and EiT-parts hung on the wall, being 
frequently updated.
3.4.10 ASSEMBLING THE MOTOR
A lot of work went in to assembling the whole 
motor. Some of the more important work is 
described, evaluated and explained and in this 
chapter.
3.4.10.1 Putting the bearings in their holders
When making the bearing holders (figure 3.4.42) 
in the lathe, the press fit was made as small as 
possible. Only 5-10 µm smaller inner diameter in 
the bearing holder than diameter of the bearing. 
This was done so that we could easily assemble/
dissemble the connection without the use of 
special equipment. The inside of the bearing were 
made with a clearance of 0.5 µm to facilitate easy 
mounting/demounting without special tools.
Figure 3.4.42: The outer an inner bearing holder.
Calculations were executed to find out what 
temperatures we needed to use to get enough 
crimp. We used the freezer to cool down the 
bearings and a heat gun (figure 3.4.44) to heat the 
bearing holders.
By calculating the crimp we could check if the 
connection (figure 3.4.43) was feasible.  The 
formulas used are from "Styrkeberegning: press- og 
krympeforbindelser" (Johansen, 2012).
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Crimp during temperature changes:
d - nominal diameter
ΔT - temperature change [°C]
Ta - temperature in axle [°C]
Tr - temperature in ring [°C]
αL - thermal expansion coefficient [mm/(mm°C)]
αL,Al=24*10
-4
αL,St=11.5*10
-6
Δd=α*d*ΔT= α*d*(T1-T2)
Δd=α*d*ΔT= α*d*(T1-T2)
Δd= 11.5*10-6 * 47 mm *(-18-20) = 
-0.021 mm=   21 µm change in the bearing.
Δd= 24*10-6 * 47 mm *(60-20) =
-0.045mm =  45 µm change in the holder.
21+45 µm means that we would get between 56 
and 61 µm of clearance between the parts when 
assembling – and it worked nicely. An attempt at 
pulling the bearing out of the holder by hand was 
conducted, but the bearings did not move a bit.
Figure 3.4.43: A crimp connection between the bearings and the bearing holders ensures stability and general 
tightness in the engine.
Figure 3.4.44: Heating the bearing holders and 
freezing the bearings ensured an easy crimp con-
nection.
(3.4.1)
(3.4.2)
(3.4.3)
(3.4.4)
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3.4.10.2 Magnets
The work with assembling the complete motor 
(figure 3.4.45) was delayed due to the late magnet 
delivery. The motor was assembled using all the 
parts except the magnets. Pieces of a Lexan ring 
acted as size models for the magnets to be able 
to test the roundness of the stator (figure 3.4.47). 
According to the measurements made, the space 
between the stator and “magnet”-rings was 0.7 
mm, not the 1mm intended. It also proved to be 
more on one side than the other, something that 
were solved with spacing between the axle and 
the stator. The reason for this was probably that 
the molds for the stator casting were machined 
with too low accuracy, using Polystone instead of 
metal. For a new stator we recommend using steel 
or aluminum block with guiding pins to create a 
high precision mold.
During the testing with the Lexan acting as the 
magnet ring, a fault with the rotor plates was 
discovered. Both the inner and outer diameter 
of the magnet-groove was not according to the 
drawings – causing the “Lexan magnets” not to 
fit. This was resolved by using the lathe to make 
a small additional cut. This fixed the problem. 
However, the 5 mm thick plate was highly unstable 
during the lathe operation causing the uneven 
edge shown in figure 3.4.46.  
Figure 3.4.45: Araldite were used to glue the steel mounting ring and the threaded steel stoppers to the rotor plates.
Figure 3.4.46: The uneven edge caused by 
repairing the inner diameter on the groove for the 
magnets.
Jigs and the magnet assembly
All the other parts than the magnets were allready 
assembled and tested when the magnets arrived 
3th of May. The work started immediately to 
assemble the magnets to the rotor plates. The 
process of gluing the magnets had several steps 
where the most time intensive was gluing the 
magnets together three and three.
Because of the magnets differing directions of 
their magnet field, they did not want to stay in 
their respective places in the Halbach array. Before 
gluing all the magnets together on the plates, 
the magnets with the most conflicting magnet 
field were glued together in bundles of three and 
three. This was achieved using a jig we devised.
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Figure 3.4.47: Assembling the motor using Lexan plates to act as magnet rings in the magnets absence.
Ideally we should have gone through a more 
extensive development process of the jig, but 
there was very little time available. The jig design 
had two iterations until we found the best 
solution. The first generation jig (figure 3.4.48) 
was designed before we had any experience in 
putting the magnets in the right order. The form 
was milled from a solid block in the Makino. There 
was one slot for gluing two magnets together, 
and one slot for gluing an additional magnet 
on to a double. After some use we realized that 
the design was flawed. It proved very difficult 
to press the magnets down into the slots while 
also pressing them together using the screws on 
the side of the block. After one night of gluing 
we decided the procedure did not work every 
time, and was too time consuming. There was no 
way we could finish with all the magnets, so we 
decided to make a new jig.
Figure 3.4.48: First generation jig. 
The second jig iteration (figure 3.4.49) was more 
successful than the initial one. Making the jig 
from magnetic steel “calmed” the magnets. 
Instead of focusing the whole magnetic force 
to repel the other magnets, the magnetic field 
held the magnets to the jig instead. The focus of 
the second jig was to press the glued side of the 
magnets together, ensuring a stronger bonding. 
That made for an uncomplicated but still quite 
time consuming gluing process. 
Figure 3.4.49: Second generation jig.
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Figure 3.4.50: General work with the magnet assembly.
After the gluing the magnets together we realized 
that a part of the gluing-jig had come loose, 
causing the magnets to slightly flip over, while still 
staying parallel. This is shown with exaggeration 
in figure 3.4.51. By that point it was not an option 
to pick the magnets apart and do the gluing 
process over again – there was simply not enough 
time. The skewness in the magnets added on the 
height of the Halbach array at some places with as 
much as 1.5mm. Later in the assembly process we 
adjusted for the added height using spacers.
Figure 3.4.51: A small piece of the magnet gluing 
jig came loose, causing the magnets to not align 
properly during the gluing.
 
Figure 3.4.52: Writing on the plates made it easier 
to keep track of the poles.
Figure 3.4.53: Gluing in progress.
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Figure 3.4.56: A few of the magnets were not attached during the gluing.
For the gluing process (figure 3.4.50, 3.4.52-3.4.55) 
slow hardening Araldite were used to ensure we 
would get enough time to fit all the different 
magnets before the glue hardened. An inner ring 
was manufactured to support the gluing process 
and ensure that the magnets were perfectly 
centered during the gluing. Two bigger aluminum 
rings were placed between the magnets and 
clamps to evenly distribute the pressure and 
prevent the magnets from latching on to the steel 
clamps.
Figure 3.4.54: Not enough room for the last three 
magnets. 
The opening between the last magnets was filled 
with magnets adjusted using a grinding machine, 
and in one case the last magnet was replaced with 
a piece of magnetic steel.
Figure 3.4.55: Additional Aralidite was applied on 
the inside and outside of the magnet ring creating a 
chamfer to increase the bonding strength.
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3.4.10.3 Corrective measures
After the gluing some of the magnets came 
loose (figure 3.4.56). The problem had most likely 
occurred due to some irregularities in the magnet 
setup, and that we probably did not apply enough 
Araldite to fill the cracks and crevices between the 
magnets. A second reason for the problem could 
be that due to problems in the manufacturing of 
the magnets, only half of them were coated.  A 
second round with Araldite fixed the problem.   
The first time we mounted the engine plates in 
the engine the stator did not spin. As mentioned 
earlier the magnets height had increased with 1.5 
mm. There also seemed to be some irregularities 
in the Araldite gluing process, causing some of 
the magnets to be even a bit higher than this. 
Quite some time was spent grinding down the 
highest magnets. Due to some misalignment in 
the circular arrangement of the magnets we had 
to grind a small chamfer on the inside and outside 
diameter of the magnet ring. Another measure to 
make the motor function was spacing the rotor 
plates to be further apart. Figure 3.4.57 illustrates 
where the spacing was implemented. Two 2 mm 
thick rings were placed on the axle, while ten 2 
mm thick washers were placed around on the rim 
ring – not a very elegant solution, but it was an 
easy and quick fix. This fix affected the engine`s 
performance a bit, as explained earlier in chapter 
3.4.5.
Figure 3.4.57: Ring spacers on the axle, and wash-
ers on the rim ring were used as spacers.
After spacing the stator could spin freely (figure 
3.4.58), without touching the magnets at all. We 
estimated the gap between the highest magnets 
and the stator to be less than 0.5 mm.
Figure 3.4.58: Testing the new engine.
3.4.11 IMPROVEMENT OF THE OLD 
ENGINE
As a backup solution to the new engine we chose 
to improve the old engine by fitting it with an 
encoder. An encoder should, if optimized with 
the motor controller code, increase the efficiency 
considerable. An encoder fitted to both engines 
also gave the advantage of being able to run 
pretty much the same code for both the engines. 
For the new engine there was a spare encoder 
reader, and a total of 5 encoder disks. Fitting an 
encoder early on the old engine allowed us to 
begin the work with integrating the use of the 
encoder into the motor controller code. After it 
worked with the old engine, implementing it on 
the new engine should only require changing of a 
few parameters in the program. 
The design created is similar to the new engine`s 
solution, but because there was little room on the 
axle, the encoder holder works as a nut, having 
threads on the inside and fitting a 30 mm spanner. 
Two M3 screws are holding the encoder. Figure 
3.4.59 shows the design.
Only one of the attempts during the competition 
was carried out using the old engine, and it 
failed. The reason for this was that some of the 
parameters that were different from the new 
and old engine were not changed during rush 
to get to the start line. During testing the engine 
performed well.
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Figure 3.4.59: Exploded view of the encoder assembly incorporated on to the old engine.
3.4.12 CONCLUSION
Performance
The weight of the new motor is only 1.5 kg 
heavier than the old one. We have added more 
weight but the weight is a lot more functional; 
10 kg of magnets, about 5 kg of litz wire out of a 
total weight of 22 kg. There is still room to make a 
lighter version. The screws for securing the rotor 
plates could be removed which again could save a 
lot of weight in the rim ring. Without the need for 
the solid ring that the screws passes through, the 
outside rim contour could have been way deeper, 
removing at least a kilo.
As feared, more of the magnets came loose during 
the stay in Rotterdam (figure 3.4.60). It happened 
two times. First time it happened was during the 
fitting of the tire. That was before the competition, 
so gluing them back together overnight was not 
a problem. The second time it happened was 
during testing on the small track, after the wire in 
the steering had come loose. It was not the same 
magnets that came loose the first and the second 
time. They were situated opposite from each 
other. After the second round of gluing the motor 
performed well, and no more faults or problems 
occurred. With some more testing before next 
year’s race the motor should have minimal risk of 
failure during an attempt. 
There were also some problems with the encoder 
disks. They were very fragile and during the stay in 
Rotterdam two of them had to be changed due to 
the disks being broken or bent.
Figure 3.4.60: Some of the magnets came loose 
during the stay in Rotterdam. 
Possible improving the motor design 
- New stator using metal form with guiding pins 
for optimal accuracy on the finished stators.
- Higher slip angles in the stator mold to make it 
easier to take out after the casting.
- Higher clearance between the outer and inner 
diameter on the magnets and the stator - in the 
radial direction.
- Better, more accurate jigs for gluing the magnet 
rings to the rotor plates.
- Fewer magnets, to increase sideways stability, 
making the assembly easier.
General tip: Allocate more time for the 
assembly process, decreasing chance of faulty 
assembly, wrong decisions being made during 
manufacturing, and giving more time for testing.
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3.5 RIMS
The rims need to be sturdy, reliable and lightweight. 
This year we made new rims in aluminum.
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3.5 RIMS
The concept chosen in the autumn report were 
the ones shown in figure 3.5.1. This was the 
result of competitor analysis, moodboarding and 
design workshopping together with Industrial 
designer Mats Herding Solberg who was a 
member of the 2012 team. Before Christmas 
we had also gotten a sponsor agreement with 
A/S Delprodukt to machine the rims, while we 
supplied materials. The concept we went with 
was designed for turning and milling.
3.5.1 DESIGN
Through the process of finalizing the design we 
had production meetings with Delprodukt. From 
our chosen concept we had lots of iterations 
before we arrived at the final design that was sent 
to production. 
Because the initial design required left and right 
side rims, the first thing we changed was to make 
Figure 3.5.1: The starting point for this semester.
Figure 3.5.2: The holes in the spokes were made 
symmetric.
Figure 3.5.3: Moving back the spokes.
Figure 3.5.4: Adding fillets.
the wheels symmetric (fig. 3.5.2). Delprodukt 
were to make four rims and it would therefore be 
more practical to be able to use them on either 
side of the car. 
To make the rims easier to produce the lower end 
of the spokes had to be moved back, to allow the 
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turning tool to access the area. See figure 3.5.3. 
Fillets were also added in accordance to the tools 
Delprodukt wanted to use (fig. 3.5.4).
Delprodukt was concerned that the thin 
spokes could cause problems. Vibrations might 
occur during machining and that could create 
resonance that could even destroy the tools. 
Lighter vibrations would create a rough and bad 
surface finish. Their suggestion was to make 
more solid spokes by connecting the thinner 
spokes with sort of ‘bridges’ through the holes in 
order to decrease vibrations in the part. A couple 
Figure 3.5.6: Suggestions to make spokes more 
solid by connecting them in the middle.
Figure 3.5.5: The spokes were made more massive to avoid vibrations while machining.
of sketches are shown in figure 3.5.6.
We did not find a good light weight option to 
connect the spokes that corresponded with our 
chosen design. Instead, the spokes were made 
wider (figure 3.5.5). We made them shallower 
in turn to save weight while keeping about the 
same bending stiffness. 
The people at Delprodukt was also concerned 
about turning the rim ring in the lathe and 
wanted to make it more rigid. One suggestion 
was of course to increase the thickness. In the 
original design the inner profile is just an offset of 
the outer profile. To increase strength we added 
material in the small radii just under the rim 
edges, and the large fillet shown in figure 3.5.7. 
This increased strength considerably compared 
to the weight added. 
Many design iterations with different 
improvements were made before the final design 
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stood ready, optimized for weight, strength, 
producibility and esthetic appearance. One 
example is shown in figure 3.5.8. Delprodukt 
said it was going to be a challenge to do the 
machining, but they thought it would be 
possible.
3.5.2 MATERIAL
As discussed in the autumn report we were not 
able to get a hold of magnesium for the rims. We 
started looking for high grade aluminum. Smith 
Stål recommended Certal, a brand name of Al 
7022, a very good but also expensive material. 
Because the rims had to be fairly massive in some 
places, the stresses were so low that we did not 
need the strongest aluminum. We went with Al 
6082 T6, still a very strong material with good 
machinability and about 45 % cheaper than 
Certal.
The materials were ordered as cut pieces 
extrusion ingots with a diameter of 450 mm and 
a thickness of 110 mm. Ingots are good because 
there is very little internal stress from production, 
compared to for example rolled plates. When 
machining away large parts like we planned to, 
the rims might look fine right after machining, 
and then hours later they might have become 
deformed and useless because the material will 
have “wandered”.  
We ordered 7 pieces. 4 regular rims + 2 engine 
rims + 1 extra that could act as a test piece. We 
wanted one spare of each and since we had 
designed the wheels to fit the old hubs, we would 
also be able to use the old carbon fiber rims as 
spares.
Figure 3.5.7: Radius to increase stiffness in rim 
ring.
Figure 3.5.8: The center of the rim was hollowed out from the back to save weight.
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3.5.3 STRENGTH ANALYSIS
The rims were designed in SolidWorks and 
imported in NX to be tested with the forces 
shown in figure 3.5.10. The magnitude of the 
separate forces can be found in table 3.7.3. To 
simulate the how the forces is distributed on 
the rim we have simplified it to apply the load 
on an area with a width of 200 mm. This was 
done by dividing the faces on the rim, see figure 
3.5.11. Since the inflated tire probably will stiffen 
the rim even further, this can be regarded as a 
conservative case. The loads were applied as 
shown in figure 3.5.9. The part was meshed with 
3 mm CTETRA10 elements. The rim was fully fixed in the 5 bolt holes in the 
middle and the two load cases were applied: One 
with tire pressure, bump and full brake, another 
with tire pressure, bump and cornering force.
The pictures don’t have extensively large dark 
blue areas which mean that the forces are nicely 
and evenly distributed about the part. 
The maximum stress is 95 MPa and occurs during 
a full turn. See figure 3.5.12. The tensile strength 
of Al 6082 is 290 MPa (CES EduPack, 2012) which 
gives us a safety factor of 3 towards yield. 
Some parts might have been made thinner and 
lighter but Delprodukt recommended keeping 
it a bit massive to be able to machine it as 
commented in chapter 3.5.1.Figure 3.5.10: The different forces
Figure 3.5.11: Dividing faces.
Figure 3.5.9: Internal tire pressure, cornering force, bump and brake force.
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Figure 3.5.12: The top shows stress during maximum turn and bottom shows stress during maximum brake.
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3.5.4 AERODYNAMIC COVERS
When we chose to make rims in aluminum we 
went from having a plate design to a spoke 
design. Spokes looks good and are a light weight 
way to utilize aluminum, but the turbulence 
around them creates more drag than in a plate. 
During our competitor analysis we saw that a lot 
of teams made makeshift solutions to cover up 
their spoke rims. We incorporated these covers 
into the design of the rims by making a planer 
surface for them to rest on, and threaded holes 
to attach the plates as streamlined as possible. 
This way we were also able to move the smooth 
surface all the way out to the edge rather than in 
the center of the rim. See figure 3.5.13.
We evaluated three alternative materials for the 
wheel covers; Polycarbonate, PMMA and Carbon 
Fiber (shown in table 3.5.1).
PMMA was used because then the plates could 
be quickly and easily manufactured. The Plexiglas 
is stiffer than the polycarbonate and we were 
worried that a soft plate could start flapping in 
the wind. The see-through material also kept the 
visual appearance of the rims. They were milled 
by Bjarne Stolpnessæter at IPM.
Since the rims are so thin the threaded holes 
for the wheel cover screws are very shallow and 
the screws had to be cut in order to fit. Since 
they aren’t exposed to any real loads this is not 
a problem but the screws needed to be secured 
with Loctite.
Figure 3.5.13: Exploded view of the wheel assembly.
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Figure 3.5.14: Pictures from production at A/S Delprodukt.
spokes were cut out first and then the part was 
fastened again to minimize vibrations when 
making the holes in the spokes and the final cut. 
The rims were placed in the lathe again to remove 
the last couple of millimeters in the tire groove. 
This final cut was to cut down the tire track to the 
correct size, and remove any skewness that might 
have derived from the milling.
3.5.5 PRODUCTION
The stock material started as a cylinder and 
Delprodukt machined away 95 % of the material 
ending up with the rims we designed. 
The rims were first turned to get the surface 
on the front and back, see figure 3.5.14, while 
leaving a couple of millimeter of material in the 
tire groove. Then they placed them in the CNC 
milling machine to do the spokes. The five main 
Polycarbonate (Lexan) PMMA (Plexi) Carbon Fiber
Description Available in 1 mm plates Available in 2 mm plates Plate made from prepreg
Pros See-through
Available in thin plates
Flexible and unbreakable
See-through
Scratch resistant 
Very good optical prop-
erties
Stiff
 
Can be made to any thick-
ness
Lightweight
Cons Scratches very easily Can shatter Hard to get nice edges on 
thin plates
Chosen concept
Table 3.5.1: Material selection for aerodynamic covers.
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3.5.6 ANODIZING
Anodizing makes the aluminum more corrosion 
resistant, increases the surface hardness and 
allows coloring that keeps the metallic and 
machined feel of the part. Berg Lettmetallindustri 
AS in Trondheim was contacted and they agreed 
to anodize the rims and motor parts for free. The 
graphical designers chose the color to match the 
entire new design of the car – matte black. Figure 
3.5.15 shows the rims as they are being lifted out 
of the anodizing bath.
Anodizing usually adds a little bit to the material 
so holes will get tighter after anodizing. Before 
anodizing, the aluminum is etched in acid to get 
rid of any oil, dirt and make a totally clean surface. 
Since we wanted a matte finish the parts were 
etched a lot longer to achieve this and that would 
actually make the finished part smaller than the 
original machined part. This difference is so little 
that it is generally not a problem, but to keep the 
H7 tolerance we had to turn plugs in POM that 
were hammered in to the hole before anodizing, 
see figure 3.5.16.
optimally they were brought to Hanebo og 
Sortvik AS, a rims dealership, to be weighted. 
They helped us out for free, five minutes before 
closing time. The whole process took about 10 
minutes. The rims was nicely balanced since 
they had been turned in a lathe, but after fitting 
them with  valves and used tires a few grams 
was needed to make them perfect. Figure 3.5.17 
shows the rim fitted with a balancing weight of 
10 g.
Figure 3.5.15: The anodizing process. Photo by Berg Lettmetallindustri AS.
Figure 3.5.16: The plugs were turned from POM.
Figure 3.5.17: Balancing weights.
Figure 3.5.18: Weighing the new rims.
3.5.7 BALANCING THE RIMS
An unbalanced rim will wobble and that will cost 
energy. To make sure the rims would perform 
3.5.8 CONCLUSION
The final weight calculated in Solid Works was 
2.50 kg. The actual rims after anodizing came 
very close, weighing in at 2.57 kg (fig. 3.5.18), 
this is good compared to the aluminum rims we 
found from the 2008 car of 2.8 kg. Our rims are 75 
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our rims did not leak tubeless rims are known to 
lose some pressure after a couple of days, so we 
made it routine to re-inflate the wheels before 
each attempt. As an added bonus the new and 
open design also made it a lot easier to reach the 
suspension and brakes when needed. 
A lot of teams did not only attach plates on the 
outside of the rim, but also inside to reduce 
drag. It could be interesting for next year’s team 
to investigate how much there is to gain from 
attaching an aerodynamic cover on the inside 
and find a solution to do this. 
% wider because of changes in the rules, but still 
lighter.  
Table 3.5.2 shows our requirements made in the 
autumn semester. The reason we didn’t quite 
reach our desired weight, was because we have 
focused on esthetic design and aerodynamics in 
addition to just weight. Delprodukt were not able 
to machine the rims as thin as we had wanted, 
this was because it would be a bigger risk to 
them and it would take a lot more time to do. 
We experienced no wobbling in the rims and they 
performed without any problems. Even though 
# Requirement Implemented Comment
1 Cross section tire/rim assembly width > 80 
mm
X
2 Outer diameter 16” X
3 Fit the Michelin special tire; 95/80 R16 X
4 Pressure 5 bar X
5 Pressure > 3 bar X
6 Weight < 2 kg Thinner machining could have been 
possible
7 Weight < 3 kg X
8 Withstand cornering forces, lateral X
9 Withstand deceleration forces, longitudinal X
10 Withstand weight of car and driver X
11 Withstand angular torque from deceleration 
of rotating mass
X
12 Safety factor against yielding; 2 X
13 Total cost of all rims < 30 000 NOK X
14 Total cost of all rims < 48 000 NOK X
Table 3.5.2: Fulfilled requirements for the rims
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3.6 SOLAR 
New this year, rules state that electric urban concept 
cars can have a solar panels covering a total area of 
0.65 m2. The preliminary analysis done in the  autumn 
report indicated that incorporating solar panels on the 
car is of great importance. This chapter describes the 
process of planning, testing and incorporating solar 
cells into the car design, as well as the evaluation of the 
process and results.
PANELS
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3.6 SOLAR PANELS
3.6.1 REQUIREMENT LIST
In the autumn report we did not make a 
requirement list for the solar panels. We kept focus 
on certain issues like flexibility and effectiveness. 
Before we started the work with getting a new 
supplier, requirements that the new solar panels 
needed to fulfill were made, as shown in table 
3.6.1.
Table 3.6.1: Requirement list.
# Requirement Must Should Could Notes
1 Flexible enough to fit the car body curvature without 
creating creases X
2
Efficiency > 15 % X To stand a chance in the competition. 
3 Efficiency > 20 % X
4 Efficiency > 25 % X
5 Easy detachable. X
6 Weight < 10 kg for the whole system, included MPPTs 
and cables. X
7 Weight < 7 kg for the whole system, included MPPTs 
and cables. X
8 Weight <  4kg for the whole system, included MPPTs 
and cables. X
9
Functioning as an integrated part of the body. X Rules, chapter 1. Article 67g)1
10 Being able to charge the 48V Battery. X
11 No part of the system could exceed a voltage of 48V 
nominal and 60 V max. X
Rules, chapter 1. 
Article 57a)
12
Cover an area of the car body less than 6500 cm2. X Rules, chapter 1. Article 67g)4
13 Cover an area of the car body from 6000 cm2 to 6500 
cm2. X
14 Functioning without direct sunlight. X
15 Able to withstand the wind drag from driving in 
40km/h. X
16
Not interfere with the cars aero dynamical properties.  X
17 Total cost < 200 000 NOK X
18 Total cost < 100 000 NOK X
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Figure 3.6.2: Two different producers of  GaAs-solar cells were considered.
specializes within manufacturing of panels using, 
amongst others, the Azurspace cells. Spectrolab 
recommended finding a non-spacecraft 
subsystem manufacturer, due to the fact that they 
would not be specialized in the field and therefore 
not be that expensive – without specifying 
company.
Azurspace was really fast to promise a delivery 
time of 4 weeks, and they had worked with 
Gochermann Solar earlier. Both Azurspace and 
Spectrolab cells were judged similar when it came 
to reliability and performance, but the Azurspace/
Gochermann solution appeared to be the safest 
solution. They had worked together on similar 
projects earlier and they were both situated in 
the same country, minimizing freight-risk. In the 
end we chose to go further with Azurspace and 
Gochermann, based on the low risk, and slightly 
higher efficiency of the Azurspace cells.
After some negotiation we arrived at a 
sponsorship deal were we got the cells for 75 
EUR apiece, including freight and diodes in the 
cells. The diode, shown in figure 3.6.1, works as a 
built in protective circuit that burns off the excess 
energy in certain cells if the panel of cells is partly 
shaded. That way the cells do not get burned out 
or overloaded. 
Figure 3.6.1: Illuminated cell diode.
3.6.1.1 Choosing suppliers
After the negative response from Alta Devices 
in December 2012 the solar panels group stood 
without any real leads on suppliers when starting 
the spring semester. Researching within Gallium 
Arsenide solar panels we came by Azurspace 
Solar. Marketing towards non-terrestrial use, 
the cells with their low weight, flexibility and 
extremely high efficiency, seemed like the perfect 
fit for our car – the only problem being the price 
of 100-200 EUR/cell, plus extras. After researching 
we could not find any solar cells that could beat 
the Azurspace cell`s efficiency.  The only ones who 
even came close to matching the Azurspace cells 
efficiency was an American company, Spectrolab. 
The Spectrolab cells had efficiency (in space) 
ranging from 26.8 % to 29.5 % depending on the 
model. Compared to 28-30 % efficiency on the 
Azurspace cells, there was little difference on the 
cell efficiency. 
Choosing between the two manufacturers shown 
in figure 3.6.2, it came down to the following 
criteria;
- Who could deliver the amount we needed on the 
relatively short delivery time?
- Where would we have the greatest insurance of 
delivery on time?
- Where would we have the greatest control over 
the production?
- Cost. We figured we needed some kind of 
sponsorship deal to be able fit the cost in to our 
budget.
- Easy implementation on to our curved car body.
- Reliability, due to the fact that a moving car 
would prove a harsh environment. 
- Expected race performance.
Azurspace and Spectrolab did not assemble 
the cells in to panels by themselves. Azurspace 
recommended we made an arrangement with 
Gochermann Solar, a German company that 
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Figure 3.6.3: Azurspace Triple Junction Solar Cell  3G28C.
3.6.2 THE CELLS
The cells we chose was Azurspace`s Triple Junction 
Solar Cell 3G28C (8x4cm), depicted in figure 3.6.3. 
The cell is a Gallium-Arsenide thin film cell with 
GaInP/GaAs/Ge on Ge-substrate. By choosing 
“space rejects” the price was considerably lower 
than buying the ones that were certified to go 
into space, without compromising more than a 
percent on efficiency.  In space environment the 
efficiency is 28 %, and when tuned for terrestrial 
use over 31 % efficiency was expected.  The 
rectangular shape of 40x80 mm covers 30.18 cm2 
when the tapered corners are subtracted.  
The cells are extremely thin (150 µm) and 
lightweight weighing in at 86 mg/cm2. The weight 
of the cells results in a total weight of 559 grams 
per 6500 cm2. The majority of the weight on the 
finished panels was the encapsulation material. 
See appendix A12 for further information on the 
solar cells.
Connecting the cells in to panels
The process of connecting the individual cell into 
strings of cells in panels was done by Gochermann 
Solar. The machines used gave some restrictions 
on the sheer size of the individual panels. The 
maximum length was given at less than the length 
from behind the door to the back of the car. The 
cells are connected to each other in strings using 
the long sides of the rectangle. Each cell has a 
voltage of approximately 2.25 V, and multiple cells 
must be connected in series to get the desired 
voltage for the MPPTs. 
3.6.3 MPPTS
For optimal output from the cells a “Multiple 
Power Point Tracker” is required. The MPPT is a 
small controller that optimizes the output from 
the panels when the illumination on the cell differs 
over time. Since our cells is situated on a moving 
car the MPPTs make a huge difference on the 
output of our panels at any given time. Because 
of the curvature of the car surface the different 
panels would, no matter the exact placement, 
have differing angle towards the sun, as shown 
in figure 3.6.4 and 3.6.5 . This requires multiple 
MPPTs, since the output of a series of cells is equal 
to the output of the cell in a parallel string with 
the worst illumination. When cells are connected
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Figure 3.6.4: Left: The cockpit has a big potential for shadowing parts of the solar panels. Right: Increasing φ will 
lower the efficiency of the panel.
in series the currents is dictated by the cell with 
the lowest output. This is stated by Kirchhoff`s first 
law. 
Figure 3.6.5: The different placement possibilities 
for the panels give varying angles towards the sun.
Gochermann Solar recommended using the 
MPPTs from a Japanese company for the panels; 
Nomura Racing. The Nomura Racing MPPTs have 
been used for many Solar racing cars before, 
and therefore would be a good match for our 
panels. The MPPTs are normally used with more 
cells in parallel connection and are dimensioned 
for larger currents that we could get in our small 
panels. They are boost-trackers, giving out a 
voltage higher than the input voltage. The output 
voltage can be adjusted from 18-33 V. Since the 
battery voltage is 48 V two MPPTs are connected 
in series to output the desired charging voltage of 
the battery. The characteristics of the MPPTs can 
be found in appendix A13. Weightwise the MPPTs 
are really good, weighing in at only 52 grams 
each. The small size of 90 mm(W)×40 mm(D)×19 
mm(H) makes them easy to fit within the motor 
compartment. The overall qualities and the fact 
they have been used for similar events before 
made them the obvious choice for us.
3.6.4 ARRANGEMENT OF CELLS, 
PANELS AND MPPTS
Multiple arrangements for the cells were 
explored. Early in the process, in cooperation with 
Gochermann we ruled out putting solar panels on 
the top of the roof, shown in figure 3.6.6. There is 
simply too much double curvature for attaching 
the panels without getting creases.
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Figure 3.6.6: The extreme double curvature makes 
the roof unsuitable for solar panels.
Figure 3.6.7: Panels on the hood of the car will be 
far from perpendicular to the sun. The further to the 
front, the worse it gets.
Table 3.6.2: The two most promising panel layouts were cut out in paper and fitted to the car body to check out 
angles and shadowing. 
Solution 1 Solution 2
Picture
Description 2 panels along the back side and front 
panels as shown. The two back ones are 
similar size.
4 panels on each side of the cockpit. The 
two back ones are similar size.
Pros More cells gathered in one area, needing 
fewer MPPTs for optimum output.
No panels on the door.
All the panels have similar shape, which 
makes for easier manufacturing and setup. 
Side panels are more perpendicular 
towards the sun then front panels.
Cons Very high φ in the front of the front panels, 
as shown in figure 3.6.7.
Difficult to get strings of cells connected, 
since they are connected on the long sides.
The cockpit shadows almost half of the 
panels when the sun is positioned lower 
than 60˚.
Chosen concept
173ECO-MARATHON 2013
Figure 3.6.8: Schematic showing the setup of the panels, MPPTs and battery.
will be most efficient. On one hand, the MPPTs 
perform better when they deal with higher effect 
(being favorable for 4 MPPTs), but on the other 
hand 8 MPPTs will cause less loss due to different 
illumination of strings/panels in parallel. The ideal 
solution would be to have a switchable design. 
– Switching between 4 MPPTs with flat light and 
8MPPTs when the sun is out and shadowing of 
panels occur. The final solution was to make an 
8 MPPT system that could easily be rebuilt to a 
4MPPT system.
The input voltage of the 7- and 8-cell strings differ, 
but the output voltage is set to 24-25 V. Two MPPTs 
in series gives the desired charging voltage for the 
48V battery.  The MPPT setup is shown in figures 
3.6.8 and 3.6.9. Since two MPPTs are connected 
in series, the output of the six or eight strings is 
determined by the string with the lowest output. 
With multiple MPPTs the losses due to shadowing 
is minimized. The low consumption of only 0.1 W 
(4.5 mA on standby x 24 V) per MPPTs is ideal for 
our arrangement with many MPPTs.
We chose solution 2 based on the ease of 
implementation, lower angle φ towards the sun at 
high noon, and recommendations when it came 
to production issues from Gochermann .
The rules state a maximum of 6500 cm2 of area for 
the solar panels. As a maximum we could fit 215 
cells while not exceeding the allowed total solar 
area. The biggest limitation was the placement of 
the door, and the fact that equal strings of cells 
was needed for optimal power output. What we 
found to be the best solution was the arrangement 
shown in appendix A14, ending up with 208 cells. 
208 cells yields a total of 208x30.18 cm2 = 6277.4 
cm2
To maximize the total output of the panels there 
are strings of both 7 and 8 cells, giving out different 
voltages; 16 Strings of 7 cells, each giving 15.75 V, 
and 12 Strings of 8 cells each giving 18 V. This was 
done to maximize the number of cells used, to get 
close to the allowed 215 cells. This configuration 
can use either 4 or 8 MPPTs, depending on what 
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3.6.5 CALCULATING EFFECT OF 
PANELS
Figuring out how much effect the panels could 
provide during the race was critical for investing 
a major size of our budget for cells and panel 
making. The effectiveness of the panels is 
affected by criteria such as season, latitude, panel 
shadowing, angle towards the sun, and how 
effective the cells and MPPTs are. 
Assumptions for the calculations; 
- Illumination of 500 W/m2 on a horizontal surface 
in Rotterdam in May 18th. (Holmefjord et al., 2012, 
p117)
- The cells covering a total of:
208 x 30.18 cm2 = 6277 cm2
- One side one the car losing half of the power due 
to shadowing from the cockpit. An assumption 
based on the data from figure 3.6.10.
- Efficiency on the panel of 31 %.
- The MPPTs using 2 W in total. 
Power output = 
500 W x 0.6277 x 0.75 x 0.31 -2 W = 83 W
An output of 83 W would almost double the range 
of the old car, with the old engine. The results were 
so promising that other budgets was cut to make 
room for the expensive Azurspace cells.
Figure 3.6.9: The strings with the same color are parallel strings. The opposite side of the car has an equal setup.
Figure 3.6.10: Maximum elevation is at 57.5˚. Elevation at race time, 09:00-11:00 (set at 11:00) is 52.42˚ - not ideal 
considering shadowing from the cockpit. (sunearthtools.com, 2013)
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3.6.6 INCORPORATING THE 
PANELS IN THE CAR DESIGN
The car body does not have a single straight 
line, and along the cockpit is no exception. The 
curvature and different width of the body beside 
the cockpit makes for a difficult implementation 
of the rectangular panels. When applying the 
panels we sought out a solution where the inner 
lines of the panels create an almost parallel line 
to the cockpit as shown in figure 3.6.11. This gave 
a streamlined visual expression. The color of the 
panels fit into the design color scheme while the 
technical look of the panels made the overall 
appearance more appealing than expected – a 
view shared with the design judges.
Panel attachment
The rules state that “the panels must be an 
integrated part of the car body”. When attaching 
the panels we evaluated two main possibilities for 
attaching the panels on to the car body, described 
in table 3.6.3.
Flexible glue Double sided adhesive tape
Picture
Description Product like Sikaflex, to glue and seal 
around the edges.
Double sided foam tape.
Pros Strong.
In addition to gluing the flexible sealant 
would make the panels fit for rainy weather.
Easy to apply, without danger for 
smudging on the panels.
The tape will not show through the 
transparent panels.
Cons Harder to get straight lines along the sides 
of the translucent panels.
Possibilities of small patches of open holes 
between the pieces of tape, making the 
panels less rain-proof.
Chosen concept
Figure 3.6.11: The inner line of the panels creates a visual appealing line, parallel to the cockpit line.
Table 3.6.3: Gluing concepts.
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After consulting with Gochermann Solar, a special 
foam tape from 3M was recommended, and even 
provided by Gochermann. After some small scale 
testing with the 3M tape, it was an obvious choice 
to use the convenient double sided tape shown in 
figure 3.6.12.
To ensure that the panels were rain-proof the edges 
of the panels were sealed with silicon as shown in 
figure 3.6.12. The silicon also ensured the integrity 
of the cables soldered on to the back-side of the 
panels, making the weakest point of the assembly 
stronger. Another possibility of rain-proofing the 
panels were using tape over the edges, but this 
turned out to be a far less elegant solution than 
the silicon – and the idea was abandoned.
Wiring
For a perfect integration of the panels, wires 
connecting the strings in parallel were soldered 
on to the back of the panels using designated 
soldering spots, shown in figure 3.6.14. Holes were 
drilled in the body in each end of every string on 
the panels. This way no wiring could be seen from 
the outside of the car, giving the solar panels a 
sleek look while minimizing drag.  For keeping a 
tidy interior with all the inside wiring the cables 
were attached to the inside body using duct tape, 
cable ties and mounting fixtures for cable ties, 
shown in figure 3.6.13. 
The mounting fixtures for the cable ties could hold 
a load of over 50 N when fixed to a smooth surface 
as shown on figure 3.6.15. The load capability 
decreased dramatically when attached to a non-
smooth surface. 
Figure 3.6.12: Left: 3M foam tape for securing the panels. Right: The short edges of the solar panel were sealed 
with silicon.
Figure 3.6.13: All the cables in the car are fastened.
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Figure 3.6.14: The wires connecting the strings in parallel were soldered on to the back of the panels using 
designated soldering spots.
Figure 3.6.15: Left: Testing the cable tie-mounts.  Right: Spliced cables.
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Figure 3.6.16: Delamination in a cell was discovered after the mounting.
Thin wires through holes in the body, were 
spliced with bigger wires on the inside, 
minimizing effect-loss in the wiring as shown in 
figure 3.6.15.
After we had put the panels on to the car body we 
discovered a fault in the panel on the door. A small 
patch of one of the cells has some delamination, 
see figure 3.6.16. Consulting Gochermann Solar 
we found the delamination to have no impact on 
the overall performance of the panel. The reason 
for the damage is unknown.
3.6.7 TESTING
Preliminary testing was conducted right after the 
panels had arrived. The front panels were tested 
using a battery, two MPPTs and two multimeters 
measuring current and voltage as shown in figure 
3.6.17. The preliminary tests yielded; 
32cells horizontally placed giving an output of 
44.4 V*0.257 A= 11.3 W. 
This will result in a total of (11.3/32)*208= 73.5 W 
on all of the panels combined.
Figure 3.6.17: The test setup, utilizing the two front 
panels.
The result varied a lot when the angle varied, and 
gave a maximum of 0.44 A, (44.4*0.44=19.5 W) 
when perpendicular to the sun. This will result in a 
total of (19.5/32)*208 = 127 W on all of the panels 
combined. When shadowing parts of the two 
panels the effect went down drastically. This was a 
clear indication that we should go for all 8 MPPTs, 
since output is entirely dependent on having 
the same irradiation on the strings connected in 
parallel.
After the panels were attached to the car, we did 
two more tests. The first test was conducted in 
the evening, at 18:30 with cloudy conditions. The 
other one was on a sunny day at when the sun 
was at its highest.
The Afternoon test gave an average output of 7 
W from the solar panel. When the car was turned 
the changes in effect was minimal. During the test 
with the sun, the results were quite different. 
The sunny-day test was conducted Monday 22th 
of April, at 12:30. We only had one multimeter, 
measuring the current – assuming the Voltage to 
be 48 V in the calculations. If different from 48 V, 
the actual voltage should exceed this value, giving 
an even higher effect than predicted in table 3.6.4.
The test was conducted by turning the car at 
different angles towards the sun, as shown in 
figure 3.6.19, and measuring the results.
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Figure 3.6.18: Testing was conducted both on a sunny midday, and a cloudy afternoon.
Test angle Output 1 , (A) Output 2, (A) Output, avg. 
(A)
Voltage 
(V)
Output, avg. (W)
Front, 0˚ 1.87 1.73 1.8 48 86.4
Side, 45 ˚ 1.57 1.53 1.55 48 74.4
Side, 90 ˚ 1.65 1.6 1.625 48 78
Side, 135 ˚ 2.27 2.01 2.14 48 102.72
Back, 180 ˚ 2.43 2.43 2.43 48 116.64
Car tilted, max 2.85 2.85 2.85 48 136.8
Average total result (excluding the tilted maximum value) 91.632
Figure 3.6.19: By turning the car, using different angles towards the sun we could best replicate a real world 
scenario. 
Table 3.6.4: Testing different angles towards sun
180 DNV Fuel Fighter
Optimization  
For optimal MPPT output there is an adjustment 
screw (see figure 3.6.20; “VR1”) on each of the 
MPPTs that adjusts the voltage sensing input. 
This screw is important that is set to 1.25 V. This 
procedure should be executed in the sunlight 
conditions of the race.
When solar cells get heated they perform worse 
than if kept cold. The efficiency of our solar cells 
will be linearly reduced up to a temperature of 
80 degrees Celsius, given by the parameters from 
Azurspace;
25 - 80 °C: VMP: -6.1 mV/°C and IMP:  +0.28 mA/°C
With temperature increasing from 25-80˚ C we will 
get a voltage reduction of; 55*0.0061 V=0.3355 V 
pr. Cell. In an eight string array that will result in a 
total loss of 0.3355 V*8= 2.7 V. 
The reduced input voltage to the MPPTs will 
not affect the output voltage to the battery. The 
MPPTs are set at a certain output voltage of 24 
-25 V. When the MPPTs get reduced input voltage 
the boosting is increased, that in turn give lower 
currents and MPPT efficiency, illustrated in the 
graph on page one in appendix A13.
During the testing at NTNU we did not detect 
any substantial increase of the temperature on 
the cells. Therefore no actions were taken to cool 
down the panels before or during the race. Since 
there was only partially sunny during the valid 
attempt, the temperature on the cells stayed 
more or less constant during the race.
3.6.8 FINANCIAL
The solar cells came at a price of 75 EUR apiece 
and the purchase in total exceeded the 100 000 
NOK limit for non-tender purchasing – rules set 
by the government. This process, together with 
Figure 3.6.20: The layout of the MPPT cards. 
Supplier Items Cost Comments
Azurspace Cells 118672 Two 50/50 payments
Gochermann Assembly 89096.97 Two 50/50 payments
Nomura MPPTs 11866.36 Two 50/50 payments
Solar Norge Cables 505.36
Clas Ohslon Cable mounts 177
Biltema Cables 180
Clas ohlson Tape 299
Government Taxes (25 % mva.) 54908.82 Not paid yet (27.05)
Total 275705.5 Revised budget of 280 000 NOK
Money left 4294.5
Table 3.6.5: Financial account for the solar panels.
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Figure 3.6.21: The panels in action - producing electricity. 
valid result the joule meter had measured a total 
of 124677 Joules. We used approximately 38 
minutes on our attempt, resulting in an average 
output of 124677 J/2280 s = 54.7 W. Comparing 
with the other measurements and calculations in 
table 3.6.6, which is assuming full sun,  55 W is low.
The requirements set in the start of this semester 
were in most cases fulfilled. The reasons for not 
fulfilling all the requirements are explained in 
table 3.6.7. 
Final remarks
An output of almost 55 W is a good result, 
considering the partly cloudy weather conditions. 
There were no major faults or problems during 
the race - the system proved stable and reliable. 
The output of the solar panels stood for a quarter 
of the total use of the engine - which we are very 
pleased with. Next year`s team should hope for 
a clear and sunny mid-day attempt for better 
performance.
disagreements on the matter of prepayment 
halted the whole process of the purchasing, 
pushing us behind schedule. These rules are 
something that the new team should be aware of 
– the school does not allow prepayment of more 
than 50 % of the whole purchase.
The initial budget had a post of 100 000 NOK for 
the solar panels. After getting the final price from 
Azurspace we had to revise the whole budget. All 
other budgets were cut to make room for the total 
cost of the solar panels and MPPTs, estimated at 
280 000 NOK. The financial account can be found 
in table 3.6.5. 
Quick manufacturing and freight caught up the 
delay caused by the purchasing problem, and 
mid-April the panels were attached to the car. 
Figure 3.6.21 shows the panels attached to the car.
3.6.9 CONCLUSION
Performance
During the race the performance of the panels 
were measured with a joule meter. On the one 
Calculations Preliminary test
(measured)
Bad conditions
(measured)
Good 
conditions
(measured)
Race 
(measured)
Conditions As mentioned in the 
calculations.
Using two of the 
eight panels. 
Sunny day. 
(13:00)
Cloudy, late 
afternoon. 
(18:30)
Bright, clear 
and sunny day.  
(13:00)
Partly cloudy/
sunny. (10:30)
Result (avg.) 83 W 73.5 W 7 W 91.6 W 54.7 W
Table 3.6.6: Compared results.
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# Requirement Implemented Comment
1 Flexible enough to fit the car body 
curvature without creating creases X
2 Efficiency > 20 % X
Azurspace promised 31 %, consistent with our 
measurements. 
3 Efficiency > 25 % X
4
Efficiency > 30 % X
5
Easy detachable.
We decided to sacrifice detachability for lower 
weight and sleeker design. We do not believe there 
is much to gain by having another type or brand of 
cells if the same body will be used.
6 Weight < 10 kg for the whole system, 
included MPPTs and cables. X
The final weight was less than 3 kg.
7 Weight < 7 kg for the whole system, 
included MPPTs and cables. X
8 Weight < 4 kg for the whole system, 
included MPPTs and cables. X
9 Functioning as an integrated part of 
the body. X
10
Being able to charge the 48 V Battery. X Provided the battery with 124677 J in the valid race attempt.
11
No part of the system could exceed a 
voltage of 48 V nominal, and 60 V max. X
12 Cover an area of the car body less than 
6500 cm2. X
Area covered with the 208 cells were 6277.4 cm2
13 Cover an area of the car body from 
6000 cm2 to 6500 cm2. X
14
Functioning without direct sunlight. X
The test in the late evening gave a result of 7 W. 
Overcast in the middle of the day would result in 
higher effect.
15 Able to withstand the wind drag from 
driving in 40 km/h. X No problem during the race attempts.
16
Not interfere with the cars aero 
dynamical properties.  X
The body-hugging incorporation is believed to 
have little effect on the aero dynamical properties, 
but this has not been measured.
17
Total cost < 200 000 NOK The budget was revised and almost all other 
posts were cut to be able to afford the Azurspace/
Gochermann cell/panel solution. After the results 
in Rotterdam we consider it to be a valuable 
investment.18
Total cost < 100 000 NOK
Table 3.6.7: Fulfilled requirements.
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Without the covers on, the panels scratch really 
easy – be careful when handling them. 
If the plan is to make new panels, you should get in 
contact with Spectrolab. They might be willing to 
give a good sponsorship deal. But contact should 
be made early to ensure production capabilities. 
To maximize the output from solar panels a new 
body with a flat roof should be made.
3.6.10 ADVICE FOR THE 2014 TEAM
The current panels are almost as good as they 
can get, assuming the same body will be used. 
With some more testing and optimizing one can 
probably get a few additional watts from the 
panels. A real sunny day without clouds during 
the competition can on its own improve results, 
and probably double the total output from the 
panels.
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3.7 HANDLING
Together the suspension and steering are the handling 
subsystems of the DNV Fuel Fighter. The following chapter 
covers the final design, production and deployment 
phases of the handling subsystems for the 2013 DNV 
Fuel Fighter improvement project.
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3.7 HANDLING
3.7.1 SUSPENSION AND STEERING: 
HANDLING
In the autumn of 2012 an evaluation of the 
handling systems of the 2012 DNV Fuel Fighter 
was performed. The process, which was a part 
of the product improvement process that this 
report is documenting, was guided by the process 
lined out in Produktutvikling (Grave, 2010). In 
that work a vision and a mission for the product 
improvement were created:
3.7.1.1 Vision
A reliable and light steering and suspension for 
fuel-efficient driving. (Holmefjord et al., 2012)
3.7.1.2 Mission
To make a more reliable steering and suspension 
with minimal play without adding weight. 
(Holmefjord et al., 2012)
With these words in mind the product 
requirements were reconsidered. These can be 
found in the autumn report and in the end of this 
chapter where the final solution is evaluated.
Next five improvement categories that 
represented areas which should be improved for 
the suspension and steering systems, as seen in 
table 3.7.1 were defined. They were based on the 
two main priorities of the 2013 team: Range and 
reliability. A new concept evaluation of the sub-
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systems was conducted and the work of evaluating 
and improving details of the system was started. 
This chapter presents the continued work from 
finishing the designs, through production, testing 
and deployment, to evaluation of the handling 
sub-systems.
Table 3.7.1: Improvement categories.
Range issues Reliability issues
Drag in front wheel wells Kevlar rope snapping
No self-centering Toe-link bending
High hub bearing friction Poor turning dynamics
Rear suspension play and 
wobble
Over dimensioning & 
unnecessary weight
The product improvement process of the 
suspension and steering is based on concurrent 
Figure 3.7.1: The front suspension and updated steering of the 2013 DNV Fuel Fighter.
engineering, a non-linear process. This means 
that the testing must happen at every stage. 3D 
modeling is crucial in this work to make sure that 
the produced parts work together. Individual 
parts were tested alone and in their subsystem, 
both virtually, as seen in figure 3.7.1, in UGS NX 
or SolidWorks, the CAD packages we use, during 
the design phase, and with the actual parts after 
production. Furthermore the parts performance 
in tests between subs-systems was assessed 
before the final full system tests. 
As has been the case for every Eco-marathon 
project, the production did not go as planned. 
This resulted in a very blurry line between testing 
and deployment, which is why the testing and 
actual race performance are considered together 
in the following chapter.
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3.7.2 SUSPENSION
In the autumn report it was concluded that the 
main concept from the 2012 DNV Fuel Fighter 
suspension, the double wishbone suspension, 
as seen in the concept illustration in figure 3.7.4 
and in the CAD model of the system in figure 
3.7.5, should be used once more. In addition the 
main problems and parts to be looked into were 
presented and the design of the new solutions 
was begun. This section presents the continued 
work on the suspension sub-system.
3.7.2.1 Motor placement
In early January the placement of the engine 
wheel was investigated, as seen in table 3.7.2.
The conclusion after considering the FEM analysis 
from the 2012 team was that the difference in 
loads; 62.02 MPa vs. 67.30 MPa, (Espeland et al., 
2012, p265), illustrated in figure 3.7.2 were not 
Table 3.7.2: Motor wheel placement.
Motor wheel in the right wheel Motor in the left wheel
Picture
Pros + Lower slip-angle (figure 3.7.3) for the motor 
wheel.
+ Improves driving dynamics
+ More traction to the driving wheel in turns 
because of weight distribution between the 
wheels in turns
+ Lower stresses in sharp turns
Cons - Higher stresses in sharp turns - Higher slip-angle for the motor wheel.
- Shifts weight away from the front right, distorting 
the driving dynamics (part of the reason that the 
left side wheel was lifted in sharp turns)
- Less traction to the driving wheel in turns because 
of weight distribution between the wheels in turns.
Chosen concept
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high enough to justify keeping the motor wheel 
at the left side and it was decided to move it to the 
right rear wheel for the 2013 competition.
Figure 3.7.2: Simulation of the 2012 engine knuckle on the left and right side during a sharp turn (Espeland et al., 
2012, p265). 
Upper wishbone links
Lower wishbone links
Knuckle
Hub
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Rod end
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3.8.6 High speed handling  
 
At high speed, the turning equations differ because lateral acceleration will be present. 
To counteract the lateral acceleration the tires must develop lateral forces, and slip 
angles will be present at each wheel.  
 
3.8.6.1 Tire Cornering Forces  
Under cornering conditions, in which the tire must develop a lateral force, the tire will 
also experience lateral slip as it rolls. The angle between its direction of heading and 
its direction of travel is known as slip angle. These are illustrated in Figure 39. 
 
Figure 39 Tire cornering force properties 
 
The lateral force, denoted by Fy, is called the "cornering force" when the camber 
angle is zero. At a given tire load, the cornering force grows with slip angle  
At low slip angles (5 degrees or less) the relati ship is linear, hence the cornering 
force is described by:  
 
Fy = Cα α 
 
The proportionality constant, “Cα” is known as the "cornering stiffness," and is 
defined   as   the   slope   of   the   curve   for   Fy   versus   α   at   α   =   0.   A   positive   slip   angle  
produces a negative force (to the left) on the tire, Implying that Cα must be negative. 
However, SAE defines cornering stiffness as the negative of the slope, such that Ca 
takes on a positive value. 
 
3.8.6.2 Oversteer and Understeer 
The weight bias of the vehicle determines its inherent oversteer/understeer 
characteristics. A vehicle that is heavier at the front will tend to understeer and one 
that is heavier at the rear will oversteer. A vehicle in which the weight is equally 
distributed between the front and rear axles tends to exhibit neutral steer 
characteristics. Although the inherent understeer / oversteer characteristics of a 
vehicle are determined by its weight distribution, the design of the suspension and the 
selection of wheel and tire size can enhance or moderate those characteristics. 
 
Figure 3.7.3: Slip angle (Dixon, 2007, p198).
Figure 3.7.4: Double wishbone suspension 
concept illustration.
Figure 3.7.5: CAD model of the front left suspension.
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Figure 3.7.6: Drag link support solution design of 
the 2012 DNV Fuel Fighter.
As expected the wheels did straighten, but the 
effect was small. This was found to be caused by a 
quite small caster angle of only 5° and the round 
tire profile (showed in figure 3.7.9).
The effect of the caster angle is that the car is 
actually lifted when the wheels are turned, and it 
straightens simply because of gravity. The round 
tire profile reduces that effect.
The caster angle, which is explained in figure 
3.7.8, could be adjusted by changing the length 
of the links. This was not a perfect solution as 
it altered the load distribution between the 
different rods and attachment points. The 
safety factors applied by the 2012 team for the 
rods and rod ends were 2.43 & 3.2 (Espeland
3.7.2.2 Front knuckles
In the project thesis, an assumption was made 
very early; that the lack of self-centering was only 
caused by the high friction in the steering system 
between the drag link and the drag link bearings. 
The parts can be seen in figure 3.7.6. At that point 
it seemed impossible to test the self-centering 
geometry of the knuckles without making a new, 
low friction solution for the bearings first.
Just after Christmas a very simple solution was 
found. The first idea that prevented the testing 
was based on the idea that it was μ, the friction 
coefficient between the bearing and the drag link, 
in equation 3.7.1 that needed to be decreased. 
This is true for the actual driving performance, 
but to test the suspension geometry it was also an 
option to reduce N, the normal force between the 
bearing and the drag link.
(3.7.1)
The rope force creates a momentum around the 
bearing center that results in increased normal 
forces between the bearing and the drag-link. By 
simply loosening the steering rope it was easy to 
perform a simple test: The wheels were turned, 
and the car was pushed with the first driver inside. 
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Figure 3.7.7: Front wheel and suspension.
et al., 2012, p210). Cutting some off them were 
considered safe, and the caster was brought to 
12°. That is at the limit of the norm for rear engine 
cars with rear-wheel-drive, which is 8-16° (Heißing 
et al., 2011, p25).
αcaster
Figure 3.7.8: Caster angle, DNV FF.
The results became better, but not at the level we 
wanted. The degree of self-centering was very 
little when the car was close to driving straight 
forward. This meant that the assumption that 
self-centering through suspension adjustments 
could improve the range, by facilitate smoother 
straight line driving, which was presented in the 
project thesis, was probably greatly exaggerated. 
Still, reducing the friction of the bearings was 
considered important because of the effect on 
the reliability of the steering system. The work on 
this is presented in chapter 3.7.3.
From this testing it was concluded that the current 
front knuckles seen in figure 3.7.7 were a sufficient 
solution for Shell Eco-marathon Europe 2013.
During the competition the knuckle performed as 
expected and no problems were encountered.
Figure 3.7.9: Tire profile.
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3.7.2.3 Rear knuckles
As presented in the project thesis, the vibrations 
around the lower wishbone connection and the 
fact that previous team did not trust their own 
initial design, which resulted in the addition of 38 
parts had led to the conclusion that the design 
seen in figure 3.7.10 needed an upgrade. A design 
preview was presented in the autumn report. New 
rear knuckles could directly increase the range 
through reduction of the vibrations and increase 
reliability based on the fact that aluminum is a 
material with properties that are much easier to 
work with and therefore trust than carbon fiber.
The reader who does not know the system very 
well should note that the right and left rear 
knuckle are identical. This result is that the toe-
link is in the front of the axle on the right side and 
Figure 3.7.10: The 2012 rear suspension design (without brake parts and wheel).
Figure 3.7.11: The 2012 rear motor knuckle. Figure 3.7.12: Rear suspension design outline.
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in the rear of the axle on the left.
Design of the knuckle body
Since the overall suspension design was decided 
to keep as it was, the attachment points for the 
brake adapter, rods and axles had to be the same 
as in 2012, and the old outline sketch of the system 
was used to design the new knuckles (figure 
3.7.12). In addition, the 8-sided axle-to-knuckle 
connection design for the motor knuckle (figure 
3.7.11) was kept as it followed the general rule of 
not changing solutions that worked. This created 
the outline for an iterative process to minimize 
the material used and to keep the stresses low. 
In dialogue with Smith Stål, the aluminum 
alloy Certal (7022) was chosen. To simplify the 
calculation process the accepted stress was set as 
the fatigue limit for 5*107 cycles. This is 145 MPa 
(Metalweb, n.d.). As the number of cycles would 
be far below this value no additional security 
factor was added.
When testing the design, the first problem was 
found to be establishment of a good model for 
the load scenario. Knowing the external forces on 
the wheel proved to be far from enough. The first 
solution that was developed used RB2 elements 
as seen in figure 3.7.13. This proved to give 
unrealistic and diverging stress values where the 
M8/M10 rods were attached to the knuckle body. 
A new load model was designed that gave more 
reasonable values. That model is illustrated in 
figure 3.7.14. The model consists of four main 
elements:
•	 The knuckle body, which contact with the 
other elements are simulated with mesh 
mating. It is constrained through its contact 
with the other elements and through a 
constraint for displacement in the Y-direction, 
F3/4
F2
F2
F1
Fb
Fb
Fb
Fb
Figure 3.7.13: Rear knuckle load model 
(RB2 elements).
Figure 3.7.14: Rear knuckle load model 
(mesh mating).
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which should simulate the effect of the toe 
link connection through a rod end.
•	 A bar connected to the axle. It simulates the 
moment and force transferring effects of the 
wheel, hub and axle.
•	 Two rods. The bottom one is constrained 
against translation in all three directions as 
would be the case if the spring becomes fully 
compressed. The top rod is only constrained 
against translation in the X and Y plane as the 
upper wishbone links would make sure of. The 
lack of rotation constraints is simulating the 
effect of the rod ends.
The external forces are calculated as seen in 
appendix A4 in the project report with small 
adjustments for the change of the weight estimate 
for the wheels. The forces are shown in table 3.7.3. 
All the forces represented in the model will not act 
at the same time. The actual load case will depend 
on which wheel and which of the two load cases 
(turning and hitting a bump or breaking and 
hitting a bump) is considered. The final designs 
can be found in figure 3.7.16.
Table 3.7.3: External forces acting at the suspen-
sion (Holmefjord et al., 2012, p193).
Value Unit Description
F1 570 [N] Lateral force caused by 
cornering
F2 670 [N] Longitudinal force caused by 
braking
F3 1540 [N] Vertical force acting on engine 
wheel
F4 1000 [N] Vertical force acting on regular 
wheel
Fb 570 [N] Force from brake disk to the 
caliper during maximum 
braking
Figure 3.7.15: The Rear knuckle design iteration process. This is the stress simulations of the 12 first iterations and 
the displacement and stress simulation for the final step. They are all from the dimensioning case, the sharp turn.
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Production and assembly
Because of the economic situation it was decided 
to only produce three new rear knuckles. One 
would be considered the test knuckle, but could 
be used as a spare if the production was successful, 
which it was. In addition, the 2012 rear knuckles 
were considered spares as they would be possible 
to use once more if anything failed during testing 
or in Rotterdam. Naturally that would bring back 
the extra support parts, the play and wobble.
Knuckle body
In January a visit was made to Finmekanisk 
Verksted at NTNU. They agreed to produce the 
knuckle bodies by Easter as long as they were 
supplied with drawings (can be found in the PU-
journal), and CAD-files in time. As we wanted to 
use Certal (Al 7022) we supplied the material and 
the delivery was made in the middle of March. 
Finmekanisk Verksted wanted to use a water jet to 
make the main features of the knuckles. One week 
after Easter the workshop sent an email and said 
that the first cuts had been done. When arriving 
to look at the result it became obvious that the 
cuts were as mirror images of the drawings. In 
addition the accuracy for the cut was horrible (see 
figure 3.7.17). The reason was that they wanted 
to make, not only the detailed main profile of the 
knuckle, but also the cut perpendicular with the 
axle hole using the water jet. With the delays that
      
Figure 3.7.16: Body of the rear motor knuckle (left) 
and the regular rear knuckle (right).
M8 and M10 rods
The decision to make the lower rods M10 and 
keep a M8 rod at the top was made in the autumn 
report. This was done to reduce play as an adapter 
was used to fit the M10 rod end that connected 
the lower wishbone to the rod. At the start of the 
semester it was considered if another material 
than steel could be used for this. The analysis 
from last year proved that aluminum would 
not be strong enough to withstand the loads. 
Titanium on the other hand got properties ideal 
for weight saving were steel is commonly used. 
Contact was therefore made with Titanium GMT, 
now Titanium Industries, which have an office 
in Bergen. They could not deliver threaded rods, 
but were able to deliver rods that the team could 
thread themselves.
Figure 3.7.17: The accuracy of the water cut was not satisfying.
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had been experienced it was concluded that the 
team would prefer to make the knuckles in-house. 
Smith Stål was contacted to get more materials. 
Contact was also made with Revolve NTNU as 
they had found out how to produce parts using 
G-code generated from a CAD model using 
an Solidworks add on called SolidCAM for the 
Makino, the CNC milling machine at IPM. A quick 
course was provided by Revolve’s technical leader 
Marius Øgård and with the background training 
from Børge Holen this was enough to start the 
production. A simple guide on how to generating 
G-code from a CAD-model and running it on the 
Makino is provided in appendix A15. It should be 
noted that G-code generation can be done in NX 
Ideas as well, but without knowing anyone at the 
institute that could teach that practice SolidCAM 
was chosen.
With a new task of machining an advanced part, 
new considerations had to be made. The two most 
important were: How to secure the part during 
machining, and how to place it correctly after 
flipping it, as the design together with the fact 
that the Makino is (only) a 3 axis milling machine 
made it impossible to machine a knuckle in one 
operation. The main considerations for securing 
the part can be seen in table 3.7.4.
Figure 3.7.19: Edge finder.
Reamer
Reamed holes
Through holes
Through holes (to be)
Figure 3.7.18: The jig for the rear knuckle, under production (left) and during use (right).
Table 3.7.4: Securing and aligning of rear knuckle during machining
Vacuum + edge finder (figure 3.7.19) Clamps + edge finder Clamped jig with bolts
Pros + No need for holes in the model
+ No objects in the way of the milling 
tool
+ More secure machining as parts 
milled away from the parts come loose
+ No need for holes in the model + No objects in the way of the 
milling tool
Cons - Not available for the Makino - The clamps need to be moved 
for the milling tool to have access 
to the hole part.
- Requires holes in the model
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The choice of keeping the 8-sided axle hole made 
very much sense while believing that it would be 
water cut. When that was no longer an option 
it did provide a solid head ache for the team 
members. The 8-sided axle hole needed to have 
virtually no radiuses and could therefore not be 
made on the Makino. Hoping to make the whole 
part in-house it was attempted to use a file to take 
away the radiuses. It worked, but the precision 
was below our acceptance level. Luckily we 
were able to have the hole made using Electrical 
Discharge Machining, also known as wire 
erosion, by a machine operator at the Mechanical 
workshop at the institute for Production and 
Quality Engineering as seen in figure 3.7.20. This 
was done in 15 minutes (after we arrived without 
having an appointment), at no cost.
Figure 3.7.20: EDM of axle hole
See figure 3.7.21 for pictures from the process.
As multiple similar parts were going to be made, 
a jig with bolts was assumed to be the best 
solution. Still it was known from experience that 
using bolts would not provide the accuracy that 
was desired. After consultation within the group 
the use of guide pins in reamed holes was chosen. 
This called for another round of simulations of the 
knuckle, both using Ø8 and Ø6 guide pins and 
reamed holes, with M8 and M6 threaded holes 
and bolts. The simulations showed that the part 
stresses using Ø6 rods and holes and M6 threaded 
holes and bolts would not be critical for the part 
and so the design of the jig could start. The final 
simulation using Ø6 guiding pins and M6 bolts can 
be seen in figure 3.7.15 on the previous spread.
The jig was made so that the same holes would 
be used for the four holes in line before and after 
flipping the part, while the set of holes that used 
the brake caliper attachment holes would change. 
In addition the stock was placed so that when 
flipped, the top bend would not touch the jig, but 
rather hang out on the side of it as seen in image 
3.7.18.
The plan for the milling of the rear knuckles can 
be found in appendix A16.
When the milling was done the threaded holes 
were drilled and threaded. The alignment was 
tricky, but a good result was achieved using gauge 
blocks and a level.
Figure 3.7.21: Production of the rear knuckle: Plane milling of the jig, first cut, machining simulation from Solid-
CAM, rear regular knuckle after first cut.
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Threaded rods
The final machined part still needed to have 
threaded rods attached. The rods could be 
threaded in two ways in our workshop, as seen in 
table 3.7.5.
While considering the available options we were 
told by Børge Holen in the workshop at IPM that 
titanium breaks dies as normal people crack eggs 
while juggling. Further investigation showed that 
this is caused by the low thermal conductivity 
and high tensile strength of titanium. With this 
knowledge the rods were decided to machine 
with the lathe. 
Finally the rods were fastened using Loctite 2701, a 
high strength thread locker. The team considered 
using Araldite 2031, which was used last year 
(Espeland et al., 2012, p220), but it was concluded 
that a specialized product probably would do a 
better job. The choice was supported by the fact 
that last year the gluing was between carbon fiber 
and steel which has very different properties from 
the titanium-aluminum connection used this year. 
In other words, the value of using something that 
worked before could not be used as an argument.
Testing and deployment
The knuckles fit perfectly with the rest of the 
suspension system as expected from the CAD-
Figure 3.7.22: CAD model of the updated rear suspension.
Table 3.7.5: Threading alternatives for titanium rods
Lathe with threading tool Threading die
Picture
Pros + Quick machining + Known process for the team members.
Cons - New process fro the team members. - Slow
- High potential of breaking the threading tool
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Figure 3.7.23: The 2012 rear engine knuckle.
testing seen in figure 3.7.22. This alone resulted in 
the removal of 38 parts. As assumed, the spacers 
for the brake disks could be removed, saving 57 
additional parts because the interfaces between 
the hub and the brake disks in addition to the 
caliper and the rims had been well tested in 
SolidWorks before production. In addition the 
interfaces towards the hubs, brakes and rims 
worked fine.
The knuckles performed equally well all through 
the rest of the tests and during every attempt in 
Rotterdam. In the end, no spare knuckles were 
needed. 
The new knuckles (figure 3.7.24 and 3.7.25) 
weighed in at 0.231 kg, shaving off 0.022 kg off 
the 2012 solution (figure 3.7.23). This was as 
assumed, but the main reason for changing the 
rear knuckles were never the weight, but rather 
reduction of vibration and increased reliability 
through reduction of parts and the use of a 
material with more uniform and secure properties.
Figure 3.7.24: The 2013 rear engine knuckle.
Figure 3.7.25: The new rear knuckle on the car.
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3.7.2.4 Rod ends
Deciding that aluminum rod ends would be a 
good solution in the autumn report proved not 
to be sufficient. Investigation into the availability 
proved that it was impossible to acquire without 
having them specially made for us. This was way 
outside of our budget and the required order 
sizes were too high. To have some spare rod ends 
we used part of our sponsorship with SKF to order 
more steel/PTFE sintered bronze maintenance 
free rod ends.
The rod ends performed great throughout tests 
and the competition and gave the team no 
problems. An example of their use in the rear 
suspension can be seen in figure 3.7.26.
3.7.2.5 Links
As the 2012 suspension was not adjusted so that 
the rims were aligned with the outside of the car 
and the new rims came closer to the center of the 
car as a result of their design, new link-rods had 
to be made. For simplicity the wheels were first 
mounted and then adjusted so that they became 
as flush as possible with the outside of the car. 
This was done using spare rods made by the 2012-
team and with new rods made in tailor fit sizes. 
When this was done, additional spare rods were 
made, see figure 3.7.27 using the design in figure 
3.7.28. These rods covered the range which was 
not already covered by the old spare rods. The 
spares could be cut and prepared with a file and a 
threading die in a few minutes if needed.
The rods performed great throughout tests 
and the competition. However, as the final 
motor choice was not made before we came to 
Rotterdam the suspension had to be adjusted in 
Rotterdam. Then the spare rods came in handy 
and the adjustment of the wheels was executed 
in the paddock.
Figure 3.7.26: Rod ends connecting the upper 
wishbone links to the knuckle.
Figure 3.7.27: Spare rods for the links.
Figure 3.7.28: Draft of the spare link rods (front view).
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3.7.2.6 Hubs and bearings
The importance of low friction in the hubs (figure 
3.7.29 and 3.7.30) is evident. It was therefore 
decided in the project phase to purchase hybrid 
bearings and to make new bearing spacers 
externally.
Design
The choice to buy hybrid bearings was mainly 
made because they have a reputation as being 
the best. In reality they proved to not be the best 
choice for the normal hubs. The weight difference 
between the hybrid bearings and the energy 
efficient E2 bearings is only 1g, resulting in a total 
possible gain of 6g for all the normal hubs (SKF, 
2009, p10) & (SKF, 2001, p4). The main advantage 
of hybrid bearings is their service life. In fact SKF 
reports that hybrid bearings only may have lower 
friction and that is dependent on the application 
(SKF, n.d.). The better service life was of course 
a solid argument when it came to reliability. 
With a price of 17 times the energy efficient E2 
bearings (the best and most expensive bearings 
in SKF’s steel bearing range) it made redundancies 
economically impossible, which lead the E2 
bearings to be the best choice for reliability as 
well. Through the sponsorship with SKF two sets 
(12) of new E2.6202-2Z/C3 bearings with the 
properties found in table 3.7.6 were ordered.
As we got more comfortable with the workshop 
machines it seemed possible to make the spacers 
ourselves, which would save our pressured 
economy a lot, and we would then have the time 
to test the new spacers.
Figure 3.7.29: Hub machine drawing.
Table 3.7.6: Properties of the E2.6202-2Z/C3 (SKF 2009, p10).
Principle dimensions (mm) Basic load ratings 
(kN)
Fatigue load limit 
(kN)
Speed ratings 
(rpm)
L i m i t i n g 
speed (rpm)
Mass
(kg)
Bore
 diameter
Outside 
diameter
Width Dynamic 
radial load
Static 
radial load
(reference
 speed)
15 mm 35 mm 11 
mm
7.8 kN 3.75 0.16 kN 47 000 25 000 0.045
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Production and assembly
As the competition came closer we realized 
that we did not have enough time, and that the 
solution using retainer rings were very hard to 
make perfectly tight. Therefore we did not make 
new spacer rings.
The hub used for the regular rear wheel seemed 
to have increased friction. It was hard to say if that 
was caused by the bearings or the hubs/spacers, 
but after the bearing was changed the problem 
was solved. The team got unopened explorer 
bearings (the level below E2 in SKF’s range) and E2 
bearings from the previous teams, and with that 
level of redundancy we were quite confident with 
the chosen solution. Our confidence were already 
strong, as the forces that would be acting on the 
bearings should be well within the loads that SKF 
presents as maximum loads and the service life 
very small compared to what this kind of bearing 
normally deals with.
Testing and deployment
The hubs performed OK while driving. Still, during 
the technical inspection they were criticized. As 
only the inner part of the bearings is fastened 
with a nut (compared to a retainer ring) there is 
still a bit too much play in the hub. 
For this phase an infrared thermometer was 
bought. Tests of it proved it to be quite inaccurate 
and with the short testing time we got, we would 
not have time to use one anyway.
Figure 3.7.30: The hub.
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3.7.2.7 Shock absorbers
The shock absorbers design, presented in the 2012 
report, can be seen in figure 3.7.32 and 3.7.33.
When the shock absorbers were investigated it 
proved to be a simple and elegant solution, but 
not perfect. As presented in the autumn report 
the spring rates were not optimal as the ride was 
very stiff. In addition, when the shock absorbers, 
presented in the autumn report and the 2012 
report as coilovers, were disassembled, it was 
discovered that they had no damping that anyone 
could control. In other words, the name coilover, 
which is short for coil over shock, could be seen 
as slightly misleading. Discussions with the 2012 
team revealed the idea that the friction in the 
system, both inside the “coilover” and in the rod 
ends in the rest of the suspension, would provide 
the damping. The idea is simple and nice, but is not 
ideal if one want to have full control of the ride. In 
particular this type of friction “damping” does not 
increase with speed. If anything it is reduced. In 
other words it can hardly be considered damping. 
Still, the effect of halting the vibrations is achieved 
remarkably well. The friction “damping” is resulting 
in close to critical damping at low speeds. Even at 
high speeds the oscillations were comparable to 
that of a suspension with a damping ration of 0.3, 
Figure 3.7.31: New springs.
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Figure 3.7.32: Shock absorber cross section over-
view.
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which is common in passenger cars (Dixon, 2007, 
p67).
In addition the steel spring was quite heavy. This 
solution had to be re-evaluated. It was concluded 
that there was not enough time and engineering 
manpower on the team to develop a new system 
and therefore three solutions were considered: 
Buying new gas shock absorbers, use the 2012 
solution with titanium springs or still use the old 
suspension with new steel springs. The compared 
alternatives can be seen in table 3.7.7.
From the evaluation a solution using a titanium 
spring seemed interesting, but no springs with 
the right dimensions could be found. The decision 
was therefore made to buy new steel springs with 
characteristics that fit our system better than the 
2012 solution (figure 3.7.31).
Spring-rate investigation
To start the work with the spring-rates a model 
was made to calculate the correlation between 
the spring rate of the springs in the shock 
absorbers and the spring rates of the different 
wheels. In other words, the ratio of vertical travel 
for the wheel compare to compression of the 
spring was calculated. To do this a simple model
Figure 3.7.33: Assembled shock absorber.
Table 3.7.7: Evaluation of shock absorber alternatives.
New steel springs New titanium springs New gas shock absorber
Pros + A wide range of spring 
stiffnesses available fitting our 
shock absorber design.
+ Lighter than steel + High reliability and easy to adjust
Cons - Heavy. - Few available models. - Poor stiffness vs. weight ratio 
for models fitting our current 
suspension system.
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of the system was made, as seen in figure 3.7.34. 
From this the relationship was calculated as seen 
in equation 3.7.1-5 using Matlab. The results can 
be seen in table 3.7.8.
(3.7.1)
(3.7.2)
(3.7.3)
(3.7.4)
(3.7.5)
Table 3.7.8: Spring rate relationship.
ΔYw/ΔD
Front suspension 0.7
Regular rear suspension 0.63
Motor wheel suspension 0.66
The next step was to use equation 3.7.6-8 to find 
the natural frequencies of the different springs 
available in our dimensions, which are delivered by 
Lesjøfors. As the weight center of the car is slightly 
further back than optimal, which is in front of the 
center (Rølvåg, 2008, p89), the damped weight of 
the car was approximated as equally distributed 
between all four wheels. The damped weight is 
approximated as the weight of the chassis, driver 
and half the weight of the suspension without the 
wheels. The results are presented in table 3.7.9.
(3.7.6)
(3.7.7)
(3.7.8)
Table 3.7.9: Spring rate and natural frequency 
relationships for the DNV Fuel Fighter suspension.
kspring
(N/mm)
fN (Hz)
Front 
suspension
fN (Hz)
Regular 
rear 
suspension
fN (Hz)
Motor rear 
suspension
21,0 3.4 3.3 3.3
24,4 3.7 3.6 3.5
29,0 4.0 3.9 3.8
36,1 4.5 4.4 4.3
47,0 5.1 5.0 4.9
67,9 6.2 6.0 5.9
122,4 8.3 8.1 7.9
The old springs were the ones with spring 
stiffness of 47.0 N/mm. That spring stiffness was 
chosen to ensure that the largest forces that 
could be encountered (which were assumed to 
Figure 3.7.34: The spring rate calculation model for the front and rear suspension.
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be the ones generated by a bump accelerating 
the wheel at 3g) would be taken up in the 
springs without taking the damping/friction into 
consideration. This year another plan was made. 
Instead of choosing springs so that the springs 
would take up any roughness in the road, they 
were designed to extend to their limits in case 
of any irregularities in the road departing much 
from the mode at Ahoy Arena (±<10 mm). In other 
words, with a design with a wheel travel of ±15 
mm any of the springs could be chosen. This could 
be done as all the parts of the suspension system 
are dimensioned to survive being driven without 
the shock absorbers, meaning that the car would 
survive hitting a bump even after springs were 
already fully compressed.
The main reason for the inclusion of the shock 
absorbers in a Eco-marathon car should be to 
improve fuel economy, even though the decreased 
wear of the monocoque is a great side effect. With 
a good suspension the monocoque’s movements 
are smooth while the wheels are doing the extra 
travel resulting from pot-holes and bumps. Both 
pot-holes and bumps might seem like extreme 
words for the 10 mm height differences at 
Ahoy Arena, but they are easily understood and 
therefore used in this text. The wheels should be 
doing the vertical movements so that as little as 
possible of the car’s kinetic energy in the forward 
direction is transferred to potential energy and 
kinetic energy in the vertical direction. In addition 
it assures that all the wheels are kept on the ground 
as much as possible. This is very important as 
keeping the motor wheel in the air is a great waste 
of energy. The updated suspension also improves 
the handling properties while cornering, which 
is important as braking before turns is a horrible 
choice in a competition to drive fuel efficient. In 
other words, great handling should be the main 
goal of the suspension system.
In addition the driver’s comfort could be 
important, as his performance during the 39 
minutes for each attempt greatly affects the 
results. Sadly the relationship between handling 
and comfort is difficult as the correlation between 
handling quality (QH) and the ride quality (QR) is 
most of the time as illustrated in figure 3.7.35.
2 Hz or even 2.5 Hz (160 to 250 Nm1/kg). Racing cars may have even higher values, especially where
they have ground-effect aerodynamic downforce; such cars are very critical on ride height and need a
very stiff suspension to control this, with natural heave frequencies of 5 to 6 Hz, possibly 1600 Nm1/
kg ride stiffness, although at such a high ride stiffness the tyre stiffness is very important factor, and
must certainly be included in frequency calculations. In such cases, at high speed the aerodynamic
stiffness must be taken into account. The front wing in particular is near to the ground and small
changes of ride height have a large effect on the air flow. The result may be a large negative stiffness
contribution from the aerodynamics.
Required values of the damping ratio vary in a somewhat similar way to stiffness. Optimum values
depend very much upon particular conditions, and especially on personal preferences, but the ride of a
passenger car will generally be best at a damping ratio around 0.2, and the best handling may require
an average damping ratio around 0.8. Hence values chosen in practice are likely to be in the range
0.25–0.75, Figure 3.11.3. For example, in a study of variable damping for a small passenger car, using a
simple heave model, Sugasawa et al. (1985) found theoretically a damping ratio of 0.17 to be the ride
optimum (minimum spectral energy of body heave motion) and a ratio of 0.45 the optimum for road
Figure 3.11.1 The influence of suspension stiffness on the quality of ride and handling.
Figure 3.11.2 The ride–handling quality loop with varying stiffness.
Ride and Handling 125
Figure 3.7.35: The influence of suspension stiffness 
on the quality of ride and handling (Dixon, 2007, 
p125).
The actual values for the best handling are 
however not something that is normally decided 
on paper, but rather through testing. Luckily, 
someo e else had already done much of the 
ground w rk, as seen in table 3.7.10.
Table 3.7.10: Common natural frequencies in car 
suspension systems (Dixon, 2007, pp124-125).
Car typ fN (Hz)
Large passenger cars 1.0
Sm ll p ssenger cars 1.5
Sports cars 2.0 - 2.5
Racing cars 2.5-6
It was concluded that to aim for the compromise 
made by stiff suspension sports cars would 
probably be the best. However, it became 
apparent that it would not be possible to get 
a 2.5 Hz suspension with the springs available. 
This was assumed as OK, as a stiffer suspension 
probably would be a good thing when handling 
the wheels of the DNV Fuel Fighter. The regular 
wheels, weighting 4.5 kg out of 166.5 kg (3%) 
are considerably heavier than even steel tires 
for normal cars (~1%), which suggests stiffer 
suspension. The car size can however not be an 
argument for stiffer suspension as the reason 
small passenger cars got stiff suspension is the 
potential large differences in weight they will 
be carrying. Their natural frequency is normally 
calculated without anyone in the car, and the 
addition of four passengers and luggage will 
change the result a lot. 
For the DNV Fuel Fighter the calculation is however 
done while taking the weight of the driver into 
consideration resulting in very low uncertainty.
The clearest indicator of the 2012 DNV Fuel 
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Fighter’s poor driving dynamics was that the 
inside wheel sometimes lifted during turns. This 
was investigated and two main reasons were 
found: The motor placement, and the stiff springs 
in the front compared to the rear. As the car tilts 
towards the outside front wheel and the outside 
rear suspension is to soft compared to the front, 
the front inside wheel lifts from the ground. This 
alone is an argument to have stiffer springs in the 
rear than in the front. Stiffer springs in the back 
is advised to improve the relationship between 
the oscillations created by the rear and front 
suspension. This can be seen from figure 3.7.36 
were the higher frequency of the rear suspension 
results in a synced oscillation of the whole car until 
the motion created by the bump is fully damped.
Figure 3.7.36: Oscillations of a vehicle passing 
over a road bump (Gillespie, 1992, p177).
The main lesson from the literature review was 
that testing was the best way to achieve a good 
ride. As the steel springs were reasonably cheap it 
was decided to buy two 21.0 N/mm springs, four 
24.4 N/mm springs, four 29.0 N/mm springs and 
two 36.1 N/mm springs and it was assumed that 
21.0 N/mm springs in the front and 24.4 N/mm 
springs in the rear would be the way to go.
Finally the necessary pre-load for the suspension 
was determined. The idea was that with the 
driver in the car the spring should have the same 
possibility to extend as to contract. It would make 
the suspension just as able to adjust for bumps 
as for pot holes. In other words, the pre-load was 
chosen so that when the driver enters the car the 
springs are half-way compressed. The calculated 
values can be found in table 3.7.11.
Table 3.7.11: Spring pre-load values.
kspring
(N/mm)
Pre-load
Front 
suspension
(mm)
Pre-load
Regular 
rear 
suspension
(mm)
Pre-load
Motor rear 
suspension 
(mm)
21,0 13.9 15.4 14.7
24,4 12.0 12.7 13.3
29,0 10.1 10.7 11.1
36,1 8.1 8.6 9.0
Testing and deployment
The wish was to use the 21.0 N/mm and 24.4 N/
mm combination, but with the current design of 
the shock absorber the front springs were just too 
long. That meant that with a 21.0 N/mm spring 
the pre-load would result in a horrible ride, were 
small differences in the road would lift the entire 
car.
The result was that the 24.4 N/mm and 29.0 N/mm 
springs were installed.
When the car was tested for the first time outdoors 
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at NTNU, the right front wheel started touching the 
monocoque. First it was assumed that the whole 
adjustment process had failed, but it proved to 
be another reason. The retainer ring of the shock 
absorber had gotten loose which took away any 
effect of the upper elastomer. That meant that 
the shock absorber no longer got an upper limit 
for its extension. The solution became to change 
all the retainer rings. After this the suspension 
performed well throughout the competition.
Elastomers
The elastomers were originally introduced to 
the suspension to be a safety mechanism in 
case of extreme compression or extension of the 
springs in the suspension. However they are also 
important as they limit the damper travel of the 
shock absorbers. The right size, is the size that 
allows for the greatest damper travel, but that 
stops the movement before any of the rod-ends 
in the suspension extend their angular limits, and 
forces them to experience anything else than 
axial loads. This would results in bent rods, and it 
is what happened last year when the right toe-link 
was bent.
The 2012 DNV Fuel Fighter used elastomer 
parts from a bicycle suspension. For the upper 
elastomers, they proved sufficient, but for the 
bottom elastomers they seemed to be too soft as 
they did not properly restrict the damper travel. 
A search for a solution was conducted and two 
solutions were tested (see table 3.7.12). The tests 
proved that we had to use the fuel hoes. While not 
as elegant it was easy to use and they stood the 
test of the competition.
Figure 3.7.37: Rubberspray.
Figure 3.7.38: Fuel hose.
Table 3.7.12: Elastomer alternatives.
Fuel hoes (figure 3.7.38) Rubber spray (3.7.37)
Pros + Available in 13 mm outside diameter (the 
inside diameter of the shock absorber)
+ Known to not deteriorate by oil (as used in 
lubricant)
+ Any desired length could be acquired during 
testing after only two quick cuts
+ Possible to construct exact preferred shape
Cons - If used as the upper elastomer the inside hole 
would have to be widened.
- Takes more time
- In the end the test specimen never cured
Chosen solution
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3.7.2.8 Nuts and bolts:
Most nuts and bolts (with a very limited number 
of aluminum M6 exceptions) in the 2012 DNV 
Fuel Fighter suspension were made of steel. In the 
attempt to shave off weight whenever possible, 
an investigation was made into the nuts and bolts 
of the system.
The use of steel nuts on aluminum rods in the links 
were noticed early on. Looking into alternatives to 
steel rods for the rear knuckle had opened up the 
eyes of the team to titanium. After a consideration 
of the properties of the alternatives it was decided 
to change all the M8 nuts and bolts, except the 
ones used for the attachment points between the 
suspension and the monocoque, as they were not 
re-investigated this year. To alter them without a 
further review seemed like too big a risk.
The first result of the review was to change the 
steel nuts used for the links (40) in the suspension 
into aluminum. M8 and M6 right hand thread nuts 
were purchased from probolt.com and left hand 
thread nuts were made. The machining process 
of the left hand thread nuts was lengthy, but it 
was used as an introduction exercise for the CAD 
to CNC machining needed to produce the rear 
knuckles. This was later used for a wide range of 
products and was found very valuable.
In addition M8 titanium nuts and bolts were 
purchased from Titanium GMT, now Titanium 
Industries, to use with all the M8 clevises in the 
suspension (24).
As the team had experience with Al-Al connections 
that worked well copper paste was not used for 
those connections. When the titanium bolts and 
nuts were mounted they were however applied 
with copper paste to play it safe. In Ahoy it was 
observed that the bolts got loose to an extent 
where some play were experienced around 
the rod ends. The solution chosen was to use a 
medium strength threadlocker that was bought 
at Biltema before departure in case of such an 
event, and it kept the nuts in place for the rest of 
the competition.
The main bolt and nut collection for the suspension 
can be seen in figure 3.7.39.
Table 3.7.13: Bolts and nuts material consideration.
Steel Aluminum Titanium
Description Steel nuts and bolts Aluminum nuts and bolts Titanium nuts and bolts
Pros + Strong
+ Cheap
+ Delivery time
+ Availability of most sizes 
and configurations (left hand 
threads etc.)
+ Very light (1/3 of steel)
- More expensive than steel
+ Very good weight to strength 
ratio (about the same strength 
as steel and 2/3 of the weight)
Cons - Heavy - Could get stuck without copper 
paste
- Delivery time
- Limited of availability of sizes 
and configurations
- Expensive
- Could get stuck without 
copper paste
- Delivery time
- Limited of availability of sizes 
and configurations
Chosen concept
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Figure 3.7.39: The main bolt and nut collection box brought to Rotterdam.
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Figure 3.7.40: New front wheel angle-locks after the milling process.
3.7.2.9 Alignment
The importance of working with the alignment 
of the suspension and steering was stressed by 
the 2012 team throughout their report and it was 
found to be a key to fixing many of the problems 
lined out in the improvement areas. The goals for 
the alignment of the car was as presented below:
1. To place all the wheels as far out as possible for 
the best handling capabilities as suggested in 
(Rølvåg, 2008, p89).
2. To keep the front wheels aligned with the 
body of the car for the best aerodynamics 
(Holmefjord et al., 2012, p166).
3. To keep the caster angle at 12° to gain self-
centering.
4. Get the camber angle (figure 3.7.42) to always 
stay positive for reduced vibrations (Heißing 
et al, 2011, p22).
5. Keep the toe in angle (figure 3.7.41) close 
to zero, but always positive, to minimize the 
rolling friction.ber angle makes the top of the wheels slant into 
the vehicle body. A non-zero camber angle wears 
the tires unevenly and produces more rolling fric-
tion because the tires contact the ground at dif-
ferent radii. The camber angle is most important 
for damped suspension where the angle must be 
controlled as the wheel moves up or down.
The caster angle is the angle of the king pin in 
plane with the side of the car. A positive caster 
angle makes the axis through the king pin inter-
sect the ground in front of the wheel. This makes 
the wheel “drag” behind and makes the steering 
more stable because it forces the steering to 
centre. A negative caster angle could make the 
steering nervous and hard to centre.
The king pin inclination (KPI) is the angle into 
the car body of the pivoting mechanism on the 
steering wheel. The KPI controls the scrub ra-
dius, which is the distance between the point of 
intersection of the axis through the king pin on 
the ground and the centre point which the tyre 
makes contact with the ground. The scrub radius 
aects how much the wheel must be ‘dragged’ 
to change the steering angle. A scrub radius of 
0 signicantly reduces stress on the suspension 
toes and drag link and the eort of the driver, but 
also reduces the driver’s feel with the handling.
Toe is the degree to which a pair of wheels on the 
same axle aims inward or outward. The amount 
of toe-in or toe-out independently on the front 
and rear wheels can greatly aect handling, but 
also energy eciency.
The Ackermann angle is the angle of the toes rela-
tive to the longitudinal axis of the car. A toe is a 
lever on the steering knuckle which is pulled and 
pushed to steer the wheel. During cornering the 
inner and outer wheels follow circles of dierent 
radii. To avoid the tires slipping on the ground, 
an angle on the toes which makes a ray intersect 
with the centre point between the rear wheels 
makes all the four wheels approximately follow 
circles of dierent radii but a common centre. An 
optimal Ackermann angle reduces tire wear and 
improves energy eciency.
Roll is the car’s rotation about its longitudinal 
axis. Roll may be an unpleasant side eect of 
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Figure 3.7.41: Toe-in angle.
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Toe-out (Nachspur, contre pincement des roues):  
As above, but when the forward distance is greater 
than the aft distance.  
Toe angle influences straightline stability, cornering 
behavior, and suspension tuning.  
Typical values for toe angles in the vehicle’s neutral 
position are as follows: 
 Front axle of a rear-wheel-drive car: 0º to +30’ 
 Front axle of a front-wheel-drive car: -30’ to +20’ 
 Rear axle: maximum -20’ to +20’. 
Note: Minimum wear and rolling resistance can only 
be achieved by a wheel rolling straight ahead. During 
straightline driving, toe-in leads to increased wear on 
the tire ’ outer edges. Static toe should only be large 
enough to compensate for the toe changes caused by 
elastic deformation of the suspension while driving. 
 
 
Fig. 1-27: Camber γ as defined by ISO 612 / DIN 70000G
 
Camber γ  (Sturz, carrossage):  
The angle between the wheel’s center plane and a 
plane perpendicular to the road surface including the 
line of intersection between the road surface and the 
wheel’s center plane (Figure 1-27). Camber influ-
ences lateral dynamics, aligning torque, and suspen-
sion tuning. 
Camber is said to be positive when the top of the 
wheel is further outboard than the contact patch, and 
negative when the opposite is true. During a curve, 
negative camber at the outside wheel can improve the 
wheel’s ability to transfer lateral forces. 
A larger camber angle increases tire wear and rolling 
resistance. During straightline driving, the camber 
angle should remain positive to suppress steering 
wheel vibration but should be as small as possible [3]. 
Typical values for camber in vehicle neutral position: 
 –2° to +2° 
Note: Camber contributes to lateral tire force during 
cornering. Camber changes during jounce and re-
bound, and thus also changes with vehicle loading. 
Camber lateral forces and moments are caused by the 
phenomenon shown in Figure 1-28. The wheel’s 
camber forces the wheel to rotate as part of a cone, 
whereby the tip of the cone is formed by the intersec-
tion of the wheel’s rolling axis and the road surface. 
Thus the rolling wheel travels in an arc about this 
point, as would a cone rolling on a flat surface. 
  
 
Fig. 1-28: Camber lateral force Fγ and moment Mγ 
 
Positive camber results in lateral wheel forces in the 
outboard direction. This results in a small, continuous 
yaw moment about the steering axis of each wheel. 
This moment can act as a preload which suppresses 
wheel wobble or vibration caused by play in the 
steering linkage or elasticity in the steering system. 
Depending on the longitudinal or lateral inclination of 
the steering axis, camber can also vary as the wheels 
are steered. Lateral kingpin inclination causes in-
creased positive camber at both wheels during corner-
ing. This is advantageous for the wheel on the inside 
of the curve, as it compensates the negative camber 
caused by body roll. For the wheel on the outside of 
the curve, the two camber effects are superimposed to 
create a larger camber angle. This reduces the tire’s 
lateral toe stiffness. 
Longitudinal kingpin inclination causes increased 
negative camber at the outside wheel and increased 
positive camber at the inside wheel. This can help 
minimize the negative effects caused by the outside 
kingpin’s lateral inclination. 
Roll center (Wankpol, centre de roulis): 
The roll center is defined as the point in the axle’s yz 
plane about which the vehicle’s body rolls. This point 
is instantaneous, and changes during jounce and 
rebound (Fig. 1-29). 
A high roll center (above the road surface) results in: 
 Less body roll due to a shorter lever arm between 
the roll center and the vehicle’s center of gravity.G
A low roll center (at or below the road surface) re-
sults in: 
 Reduced camber and track width changes during 
jounce and rebound. 
Typical roll center height values (neutral position): 
 80 to 250 mm at the rear axle 
 0 to 130 mm at the front axle.G
Figure 3.7.42: Camber angle (Heißing et al, 2011, 
p22).
The work to place the rear wheels as far out as 
possible were easy with the new rods that were 
made for the purpose.
The front wheels w re not quite as easy to get far 
nough out. The part connecting the links in the 
lower wishbone and the shock absorber  the angle 
lock (3.7.43), had to be updated. The angle-lock 
simply had a too high angle between the links. 
This was not discovered before the new wheels 
were installed, but with the help of SolidCAM 
and the Makino two new angle-locks were made 
the next evening. A picture from the end of the 
milling process can be found in figure 3.7.40
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Figure 3.7.45: At Vinjes Car workshop.
Upper wishbone links
Toe-link
Lower wishbone
links
Knuckle (body)
Angle lock
M10 rod
M8 rod
Coilover
Rod end
Axle hole
Figure 3.7.43: CAD featuring the rear angle-lock 
as used in the DNV Fuel Fighter suspension.
When adjusting the suspension the first thing one 
should set is caster, then camber, caster and finally 
toe-in, so it was easy to first fix the caster.
The camber was adjusted by adjusting the links 
and measuring using a level and monitoring the 
angle change throughout the entire allowed 
damping travel of the car. To make this easy the 
springs were taken out of the shock absorbers.
The toe-in angle was harder to adjust as there are 
few reference points on the car that can be used 
to define straight forward. After the first attempt 
the squealing from the wheels as the car was 
rolled was a very clear indicator that energy was 
wasted. Knowing that a toe-in of only 2° doubles 
the rolling resistance (Heißing et al, 2011, p42) this 
was very worrying. From the 3D model we could 
verify that the wheel wells were normal to the 
speed direction. Using a large vernier calliper as 
a carpenter’s square the approximate angle was 
set. Then a toe-in alignment tool was created as 
seen in image 3.7.44. It consists of a bent steel rod 
welded together with two nuts with two threaded 
rods through them. This distance between 
the rods can then be adjusted to measure the 
difference in distance between the wheels in front 
and in the back of the axle. This was used for the 
final adjustment and verification.
The angles were then double checked with a driver 
in the car. As expected, the toe-in increases with the 
driver in the car because of the misunderstanding 
during production last year, which placed the 
drag link 8 mm to high (Espeland et al., 2013, p 
240). Finally this was adjusted for using the same 
techniques a outlined above. We learned that in 
order to get the correct result it was important to 
not just get a person in the car, but also roll the car 
back and forth a little with the extra weight. 
Before we left for Rotterdam we wished to double 
check our alignment strategies. We sought help at 
a range of close-by car workshops and finally got 
accepted at Vinjes Car workshop (figure 3.7.45). 
The car was placed on the stand, but because of 
the different distances between the wheels in 
front and the rear the car could not be aligned 
with their laser tools. This was a setback, but the 
final result suggests that the alignment was quite 
good.
Figure 3.7.44: The toe-in adjustment tool.
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Figure 3.7.46: The updated steering solution.
3.7.3 STEERING
3.7.3.1 Drag link
Bearings
The 2012 team complained about high friction in 
their steering and it is likely to be an important 
part of the reason that made the rope snap. In the 
autumn report it was decided to use linear ball 
bearings for our drag link of the type SKF LBCD 
Ø16, but this was quickly abandoned this spring. 
Børge Holen at the workshop showed us what 
happens to anything but hardened steel or silver 
steel with such a bearing (the example steel bar 
was very damaged). From this it became obvious 
that it would destroy the drag link. The thoughts 
went back to PU and other plastics as used the 
year before.
Hatling at Ila was contacted and they suggested 
POM as a strong enough material. The team 
quickly thought of Teflon as having low friction.
In the autumn report it was decided to use 
longer bearings. Aiming for both reliability and a 
smooth bearing a solution was designed with a 
changeable inner Teflon bearing and a POM outer 
adapter composed of three parts. This was done 
because it was the only way to fit the new, longer 
and supported bearing, as presented in the project 
thesis. To make the disassembly easy, the parts 
were put together with a press fit instead of glue. 
See figure 3.7.46, 3.7.47 and 3.7.48 present the 
design of the old and the new steering solution.
PU adapter
Outer POM adapter
Inner POM adapter
Teon bearing
Steering angle limiter
Steering rope
Rope adjustment bolt
Pulley
Rope adjustment bolt
Drag link
PU adapter
PU bearing
Lower stopper
Steering rope
Rope adjustment bolt
Pulley
Rope attachment
Drag link
PU bearing
Lower stopper
Steering rope
Rope adjustment bolt
Pulley
Rope attachment
Drag link
Figure 3.7.47: Drag link support solution design of 
the 2012 DNV Fuel Fighter.
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Figure 3.7.48: Drag link support solution design of 
the 2013 DNV Fuel Fighter.
The 2012 team suggested filth in the bearings 
as a reason for the increased friction (Espeland 
et al, 2012, p 242) that in the end led to the rope 
snapping. The SKF bearings that the team decided 
to use in the autumn before the change of heart 
were fitted with seals against dirt. As the new 
bearing design with the carbon fiber rod in one 
piece made the bearing fit smoother, as it was not 
widened over time, it was concluded that it would 
probably not be needed. To be sure a spare rod, 
two spare Teflon inserts and a pair of bellows were 
brought along to Rotterdam. The bellows would 
be used instead of seals as seen in figure 3.7.49. 
In-case extreme wear was observed, all the worn 
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Table 3.7.14: Clevis insert consideration.
Male insert,
female clevis
Female insert,
male clevis
Pros + Reuse of the old 
clevises
+ Easy machining of 
the insert
+ With all new parts 
they can all be 
made for perfect 
fits
Cons - More complex
 insert
- Imperfect fit for 
the clevis caused 
by difference in 
carbon fibre rod 
inside diameters
- Requires
machining of new 
clevises
Chosen
solution
Figure 3.7.50: Carbon fibre rod - clevis connection 
alternatives.
While working on this design, the team consulted 
the Revolve team who uses carbon fiber composite 
toe-links. They had contacted producers of similar 
solutions who suggested a different glue: 3M 
DP460. They were advised to have a large gap (up 
to 1mm difference in diameter) between the inside 
of the carbon fiber rod and the inserts. In addition 
they ground the inserts and used pressured air 
to clean both surfaces. Finally, loads of glue was 
applied and the inserts were screwed in to make 
sure that as much as possible glue stayed in the 
right place. They tested this set up (not published) 
with axial forces up to 30 kN with 18 mm rods. The 
drag link on the DNV Fuel Fighter was therefore 
produced using the same procedure.
Testing and deployment
The drag link was greased with bearing grease, 
and this proved sufficient for lowering the friction. 
The finish of the skiing rod did not deteriorate and 
the Teflon bearing stayed smooth. The glue-less 
solution for the bearing mounting also proved 
sufficient, even thought it was unnecessary as the 
parts could be changed and the safer solution 
could be installed. The reason the bellows were 
not originally installed was that the DNV Fuel 
Fighter is built upon extreme weight savings. 
Even though the lack of testing of the electrical 
systems took away the value of most of that effort 
it was concluded not to give up that design idea 
for the rest of the car.
Figure 3.7.49: Bellow + drag link test
In the end the bearings did performed quite well, 
but the friction coefficient was clearly not <0.002 
as planned in the product requirements. That was 
impossible when it was discovered that a linear 
ball bearing could not be used. It was however 
clearly lower than last year, even thought it was 
never measured.
3.7.3.2 Carbon fiber rod
In the autumn report it was concluded that a 
new drag link should be made, this time, in one 
single piece. A pair of skiing rods, a “Swix Carbon, 
Premium Composite” was purchased as it had a 
simple circular finish with no extruded patterns. A 
digital vernier caliper was brought to the store to 
measure. The different skiing rods were found to 
have great variation in thickness along the length, 
but finally a pair with an accuracy of ±0.02 mm 
along the length was found.
In an attempt to save time the clevises from the 
last year’s drag link was filed down and Araldite 
2031 was used to glue them in place. When the 
strength was tested two days later the result 
was awful. The Araldite had not attached to the 
aluminum and the left clevis came right out. As 
this was accepted another realization hit the team 
in the face. It would not be possible to change the 
changeable Teflon inserts if the drag link could 
not be taken apart. This required a new solution 
to be developed and two new solutions were 
considered as seen in figure 3.7.50 and considered 
in table 3.7.14.
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bearings never had to be changed. Last, but not 
least the gluing of the drag link carbon fiber rod 
to the clevises did not slip. The final result can be 
seen in figure 3.7.51
3.7.3.3 Cable
The work presented in the autumn report 
concluded that a Vectran rope with a polyester 
cover probably would be the best solution for the 
steering. It was assumed that Vectran ropes were 
not the strongest, but that they would have low 
creep and little elongation. To make sure of this, 
three simple tests were performed using a tension 
test bench (figure 3.7.52).
In the first test the ropes were loaded until they 
snapped. The final results can be found in table 
3.7.15.
Table 3.7.15: First cable test.
Brake load (kg)
3 mm Dyneema (Tendon) 108
2 mm Dyneema ( Tendon) 64
Dyneema (Møre Not) 123
Dyneema (Maritimt Kompani) 128
Vectran 2.2 mm (Optiparts) 64
Vectran 3 mm (Marlow) 180
Vectran 4 mm (Marlow) 280
Steel wire (found in workshop) 140
During this tests most of the ropes snapped, 
because they were cut off by the sharp edges of 
the tensile test bench. Another test was therefore 
performed where the 4 mm Vectran was used to 
connect the ropes to the test bench. The results 
can be found in table 3.7.16.
Table 3.7.16: Second cable test.
Brake load (kg)
3 mm Dyneema (Tendon) 198
2 mm Dyneema ( Tendon) 87
Dyneema (Møre Not) 171
Dyneema (Maritimt Kompani) 200
Vectran 2.2 mm (Optiparts) 98
Vectran 3 mm (Marlow) 164
Vectran 4 mm (Marlow) 280
A final test was performed on the most promising 
ropes:
•	 Rope stretched until the load was 90 kg.
•	 Load lowered to 50 kg and left for 60 s
•	 Load noted.
•	 Rope stretched to 50 kg and left for 60s.
•	 Load noted.
•	 Rope stretched to 50 kg and left for 60 s.
•	 Load noted.
•	 Rope stretched to 90 kg.
•	 Load lowered to 50 kg and left for 60 s
•	 Load noted.
 The results can be found in table 3.7.17.
Figure 3.7.51: The toe-link to drag link connection.
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Table 3.7.17: Third cable test. Loads in kg.
60 s 120 s 180 s 140 s
3 mm Dyneema 
(Tendon)
41 45 47 50
Dyneema (Møre Not) 33 41 43 50
Dyneema (Maritimt 
Kompani)
29 36 36 50
Vectran 3 mm 
(Marlow)
38 44 46 50
The benchmark for the test was the 100 kg that 
the Kevlar rope used in the 2012 steering were 
tested to hold (Espeland et al., 2012, p 240). It was 
assumed as presented in the autumn report that 
it was wear and not the original strength of the 
cable that made it snap. In other words a 100 kg 
load capacity for the rope should be more than 
enough for testing.
From the test it was clear that the Vectran cable 
had the least elongation for short time loads, was 
more than strong enough for the task, and had 
the absolutely best claimed properties for long 
time creep.
 
From the last test it became apparent that the 
rope should be pre-loaded to take out the 
elongation before application. Because of the lack 
of any tension bench of the necessary size it was 
hanged by the crane in the workshop and loaded 
by lifting a mechanical engineer with weights as 
seen in picture 3.7.53.
Figure 3.7.53: Cable pre stretch.
The Vectran cable was ticker than the Kevlar 
cable used last year, but that was mostly due to 
the decision, presented in the autumn report, to 
buy a cable with a polyester cover. Last year the 
team had to grease the cable to prevent it from 
snapping, and even that did not work out in the 
end (Espeland et al., 2012, p65). The polyester 
Figure 3.7.52: The stretch bench.
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cover did however prove to be durable, even 
without any grease.
3.7.3.4 Cable attachment
The old cable attachment parts were not big 
enough to fit the chosen Vectran rope. They 
therefore had to be made new. Because of the solid 
performance of the old system a scaled version of 
that design was used. This was machined in the 
Makino.
3.7.3.5 Steering adjustment system
As the system was deployed it was as reported 
from earlier years quite difficult to adjust the it. In 
the work to improve the situation three solutions 
were considered:
•	 The bolt adjustment system as seen in figure 
3.7.54 and used by at least the 2012 and 2011 
team.
•	 A rope based, self-tightening, pulley system 
as seen in figure 3.7.55. On the long rope 
stretches where the rope goes down to 
the floor two loops were made on the rope 
using a figure of 8 knot or an alpine butterfly 
knot. Through these a second rope would 
be dragged and then the loops would act as 
pulleys similar to the solutions seen on the 
Figure 3.7.54: The new cable attachment fitted with the bolt adjustment system (updated for the new Vectran 
rope thickness).
Figure 3.7.55: The self-tightening rope pulley 
system.
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sailboat rig in figure 3.7.56. 
•	 A system, similar to the rope pulley system, 
using parts from a ratchet tie-down 
mechanism (figure 3.7.57).
The three solutions were considered as seen in 
table 3.7.18. The final choice was the pulley rope 
pulley system due to the intuitive and light weight 
design.
Rope
Cable at-
tachment
BoltNut
Figure 3.7.57: Ratchet tie-down mechanism.
Figure 3.7.56: Sail boat pulley system, the inspiration for the pulley system.
Table 3.7.18: Steering adjustment considerations.
The bolt adjustment system (as 
used by the 2012 team)
Rope pulley system A ratchet tie-down system
Pros + Very well tested
+ Few knots (2)
+ Light
+ Adjustable while steering
+ Easy to adjust
+ Very light
+ Self tightening
+ Adjustable while steering
+ Easy to adjust
Cons - More complex
 insert
- Imperfect fit for the clevis caused 
by difference in carbon fibre rod 
inside diameters
- Many knots (10) - More knots than the minimum (6)
- Heavy
Chosen
solution
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3.7.3.6 Turning angle limiters
In the autumn semester it was decided that the car 
needed a limiter of the steering angle around the 
steering column. The benefit would be that in case 
the limit was reached it would not be possible for 
the driver to continue to pull the cable and that 
would reduce the stress on the cable. The limiter 
was going to be a copy of the 2012 solution.
It was also decided that the lower steering angle 
limiters needed to be bigger than the ones 
made last year as they opened up and got loose 
(Espeland et al., 2012, p242). This could very well 
be the reason that the toe-rod bent. To increase 
reliability an extra set of cable attachments were 
made to do the job as seen in figure 3.7.60.
Figure 3.7.58: The new thread house.
Testing and deployment
The pulley system proved to be very easy to 
adjust while driving, but at the same time it was 
impossible to keep tight without adjusting it while 
driving. With ten knots of different kinds there 
were many possible sources for slack. However 
it was considered OK by the team. In Rotterdam 
the technical inspectors were not impressed. The 
result was that the old system was introduced 
again and a new knot was chosen - the Ashley 
stopper knot (figure 3.7.59). It was told by the old 
team that the figure of eight knots tended to slip 
and this was not a big problem with the Ashley 
stopper knot, which performed well during the 
races.
Figure 3.7.59: The Ashley stopper knot.
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Figure 3.7.60: The right lower turning angle limit-
er.
Figure 3.7.61: Testing and deployment
The testing proved that the upper steering limiter 
could be quite a hazard if the steering got loose, 
as it would prevent the driver from doing sharp 
turns. It was therefore sawed and filed off. This 
proved a wise choice as the steering actually 
did get unaligned during the last attempt and 
the upper stopper would have rendered the car 
impossible to steer if that had not been done.
3.7.3.7 Steering column
As the steering was found to be less accurate than 
we wanted, a new thread house with a larger outer 
diameter was designed as seen in figure 3.7.58. We 
knew that it was not ideal for the steering ratio, 
but the play in the steering, as felt when turning 
the wheel and holding the wheel still, was less.
Testing and deployment
In the rush we were in the last day before departure 
the machining of the new steering house was far 
from perfect. The old solution using two small set 
screws was not enough anymore. As the technical 
inspectors stress tested the turning, the steering 
house got loose. As the current solution did not 
work a quick decision was made to drill through 
the entire steering column which would secure 
that the same thing could not happen again. 
This was done without any further analysis as 
the current system did not work and we did not 
have the computer hardware to do it. Luckily the 
solution worked well enough. 
A problem with the loose fit of the new thread 
house was that the thread slid slightly within 
the thread house. This made the steering wheel 
become misaligned during the last attempt. 
Luckily there was no inspection of this after the 
attempt.
Figure 3.7.58: The new thread house.
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3.7.4 CONCLUSION
3.7.4.1 Performance
Improvement areas
To assess the performance of the updated 
suspension (figure 3.7.62) and steering (figure 
3.7.61) the first place to look is the improvement 
areas. (Table 3.7.19.)
Table 3.7.19: Improvement areas.
Range issues Reliability issues
Drag in front wheel wells Kevlar rope snapping
No self-centring Toe-link bending
High hub bearing friction Poor turning dynamics
Rear suspension play and 
wobble
Over dimensioning & 
unnecessary weight
The drag in the front wheels was improved by the 
alignment and production of new link-rods and 
angle-locks.
The self-centering were improved and achieved, 
but only for extreme turns and not around the 
center where it was assumed to have any effect 
on the range. In other words did it not improve 
the range as it was meant to.
Through the manufacturing of new knuckles and 
improved alignment the rear suspension play and 
wobbling was successfully reduced.
When it came to dimensioning and unnecessary 
weight a lot of work was done. The most 
important was to resist the temptation of adding 
weight to reach other goals, like improving the 
turning dynamics or fixing the issue of the toe-
link bending. Furthermore the work to change to 
lighter materials achieved this goal very well.
The rope did not snap this year. The main reason 
was the acquiring of a polyester covered Vectran 
rope with much better properties for long time 
wear.
No link bent this year. This was prevented mainly 
through the work done with the new steering 
angle limiters on the drag link. In addition care 
was shown as the effects of the shock absorber 
range on the different rod end’s angular span 
were investigated.
The poor turning dynamics were improved with 
placing the wheels wider, through changing 
springs and through installation of new precise 
Figure 3.7.62: The updated steering.
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elastomer parts in the shock absorbers.
Product requirements
The product requirements are the basis of the 
product improvement and product development 
process, which the process should be guided by. 
In the end not every requirement was met. Which, 
and reasons for this can be further studied in table 
3.7.20 on the next pages.
Vision and mission
The corner stone for reviewing the suspension 
and steering is the vision: “A reliable and light 
steering and suspension for fuel-efficient driving” 
and the mission: “To make a more reliable steering 
and suspension with minimal play without adding 
weight”. The cable steering system was not only 
easy to deal with, but it survived the competition 
much better than last year with no problems that 
affected test runs or runs during the competition. 
With new and lighter rear knuckles, removal of 
more than 100 minor parts. Using titanium and 
aluminum for steel replacements, the weight also 
went down. In other word the mission was met 
and vision should be considered reached.
Final remarks
Having spent one year on this project it is difficult 
to realize that the result is far from perfect. Still, 
having put every effort available into this work, 
meeting the mission and vision of the sub-
systems, the steering and suspension did their 
part of the job in securing the DNV Fuel Fighter a 
spot on the podium this year.
Figure 3.7.62: The updated steering. Figure 3.7.63: The updated rear motor wheel suspension.
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Table 3.7.20: Suspension and product requirements. Unachieved requirements in red, disputable achievements in 
orange.
# Requirement Value Achived 
value
Should Must Notes 
1.1 Comply with official 
Shell Eco-marathon 
rules
Yes √ X
Functional 
requirements
2.1 Turning radius < 6 m < 5 m X
2.2 Force required from 
driver
< 100 N < 40 N X
2.3 Force required from 
driver
< 50 N < 40 N X
2.4 Play in steering < 3º < 3º X This was only achieved after changing of the 
thread hub, repairing it in Rotterdam and 
changing back to the old adjustment system.
2.5 Play in steering “No 
excessive 
play”
“No ex-
cessive 
play”
X As in point 2.4
2.6 Steering ratio 1:8 1:4 X To reduce the perceived play the steering ratio 
was changed to 1:4 in Rotterdam.
2.7 Ackerman steering √ X
2.8 Mechanical 
transmission
√ X
2.9 Steering wheel must 
be a circle or part of 
a circle
√ X
2.10 Self-centring √ X Self-centring to a small degree was achieved, but 
not to the level where it gained the range of the 
car.
2.11 Steering rotation 
must not bring 
wheels into contact 
with car body
√ X
2.13 Easy to maintain √ X
Fatigue 
requirements
3.1 Mean time to failure 
during normal use 
>6 hours ? (> 10 
hours)
X
3.2 Mean time to failure 
during normal use
>100 
hours
? X Not yet verified
Tuning 
requirements
4.1 Adjusting toe-in/out ±2º ±15º X
4.2 Adjustable camber 
angle
√ X To a limited degree and it might require changing 
of link rods.
4.3 Adjustable caster 
angle
√ X To a limited degree and it might require changing 
of link rods.
4.4 Adjustable ground 
clearance
√ X To a limited degree and it might require changing 
of link rods. It is partly 
4.5 Adjustable spring 
stiffness
√ X By changing springs.
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4.6 Adjustable damper 
coefficient
X Only possible if one counts reducing the amount 
of grease in the shock absorber and the rod ends.
Weight requirements
5.1 Steering weight <3 kg 0.8 kg X
5.2 Front suspension 
weight
<2 kg 1.4 kg X
5.3 Front suspension 
weight
<1 kg 1.4 kg X
5.4 Rear suspension 
weight
<2 kg 1.1 kg X
5.5 Rear suspension 
weight
<1kg 1.1kg X
Environment 
requirements
6.1 Steering functional 
at temperatures
0-50º C √ X
6.2 Functional at relative 
humidity
<100 % √ X
6.3 Functional when wet √ X
Steering specific 
requirements
7.1 Coefficient of friction <0.002 X Impossible without linear ball bearings,
Front and rear 
suspension specific 
requirements
7.1 Ground clearance
with driver
≥10 cm ≥10 cm X
7.2 Toe-in 0º √ X Should stay just over 0º
7.3 Toe-in change
 during travel
1º X This was unavoidable as a result of the production 
misshappen which meant that the drag link was 
placed too high (Espeland et al., 2013, p 240).
7.4 Camber angle 0º X
7.5 Camber angle 
change during 
vertical travel
<0º,
>-2.5º
<0º,
>2.4º
X
2.12 Vibration reduction X
7.6 Damping/travel
 during race
> ± 1 c m , 
≤±2cm
>±1cm, 
≤±2 cm
X
7.7 Damping/travel
 during race
> ± 1 c m , 
≤±3 cm
>±1cm, 
≤±2 cm
X
7.8 Compatible with rim 
(and engine)
√ X
7.9 Support bicycle-
type hydraulic brake 
caliper
√ X
7.10 Allow for lining of 
brake fluid pipes 
(and electrical wires 
to the engine)
√ X
7.14 Scrub radius <10 mm < 8 mm X
7.15 Caster angle 5º 12º X This was changed as a result of the investigation 
presented in chapter 3.7.2.2.
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7.16 Bump steer ±2º/cm ±2º/cm X
7.17 Resist dive during 
braking (anti-dive)
√ X
7.18 Withstand lateral 
force caused by 
cornering
540 N √ X The final calculations suggested a force of 570 N, 
which the suspension did withstand.
7.19 W i t h s t a n d 
longitudinal force 
caused by braking
630 N √ X The final calculations suggested a force of 670 N, 
which the suspension did withstand.
7.21 Withstand vertical 
force caused by 
weight of car, plus 
driver and g-forces 
on regular wheels 
(front suspension)
1100 N √ X The final calculations suggested a force of 1540 
N, which the suspension did withstand.
7.22 Withstand vertical 
force caused by 
weight of car, plus 
driver and g-forces 
on engine wheels 
(rear suspensions)
940 N √ X The final calculations suggested a force of 1000 
N, which the suspension did withstand.
Design
8.1 As few as possible 
new holes should be 
made to the chassis
< 8 0 X The ventilation and solar panel integration 
required new holes, but no new holes were made 
for the suspension.
8.2 No holes should 
be made to 
unreinforced parts 
of the chassis
√ X
8.3 Reduce number of 
parts
- 110 
parts
X
227ECO-MARATHON 2013
228 DNV Fuel Fighter
3.7.5 ADVICE FOR THE 2014 TEAM
It is hard to say definitely what should be done 
the next year, but this is a list of things that could 
be looked into. The main goal of the suggestions 
listed here is to make a slightly more robust and 
well tested car. This is based on the experience 
from this year’s team and the observation of the 
German team, who with their 145 kg car (proTRon, 
n.d.) finished in second place.
3.7.5.1 Suspension
A concept that is seen in many of the top placing 
cars is trailing arm suspension for the rear wheels. 
Without making a new body this seems impossible 
to implement, but should be reconsidered in case 
a new car body is built.
A suggestion that has been presented by a 
few of the earlier teams is to make a compliant 
mechanism. This will not be possible to adjust, 
but if made, could be very lightweight. If this is 
considered it is suggested to read Design and 
evaluation of sports car suspension system (Gudem, 
2006).
Knuckles
The current knuckles do a decent job, but if one 
want to make even lighter knuckles that could 
be possible using carbon fiber. A common way 
of using carbon fiber is to make a “hood” that 
is glued around a carbon fiber body with core 
material. This technique could reduce the knuckle 
weight a lot.
For convenience and reliability, splines could be 
used for the motor knuckle and axle connection. 
This could make the mounting of the motor wheel 
a lot easier. This is the solution found in most cars.
Figure 3.7.64: Axles with splines.
229ECO-MARATHON 2013
Rod ends
Either turn the world upside down to acquire 
aluminum rod ends or investigate if it would be 
possible to use smaller steel rod ends.
Rods
A possibility could be to use carbon rods with 
aluminum clevis inserts. This is similar to what the 
drag link uses and Revolve make their toe-links 
that way. They will be difficult to adjust without 
changing, but it could be worth it as long as the 
to-link is adjustable. The composite rods Revolve 
is using are bought from easycomposites.co.uk.
Hubs and bearings
New hubs where both the inner and outer parts 
of the bearings can be securely fastened should 
be looked into. There is really no reason why the 
wheels on the DNV Fuel Fighter should have more 
play than the wheels on cheap bicycles.
Shock absorbers
To change to a gas spring or make a solution with 
actual damping is advised. The spring rates that 
this year’s calculations suggest could be achieved 
with much smaller and lighter steel springs in the 
worst case. This would require several parts of the 
Shock absorber to be remade.
3.7.5.2 Steering
For convenience and reliability, splines could be 
used for the steering wheel to the steering column 
connection, which will make angle adjustments 
easier. This is the solution found in the Revolve 
cars (check them out).
More precise steering (which is probably 
impossible to achieve with the cable steering) 
should be considered. The current light weight 
solution is suggested to sacrifice for a more 
reliable ride.
For a much smoother ride a lower steering ratio 
is advised. The French team, Electricar Solutions, 
who won the battery electric class, had to turn 
their steering wheel more than one and a half 
time around to reach their minimum turn radius.
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4.1 PERFORMANCE
Race performance
•	 Winner of the Communication Award.
•	 Winner of the Design Award.
•	 Third place in the Urban Concept Class, a class 
with 33 registered teams.
•	 A fuel efficiency of 202 km/kWh, equivalent to 
1979 km/L gasoline, a solid increase from last 
year’s result of 163 km/kWh.
Project Management
The project manager in this project has had a firm 
hand on the budget and kept track on the official 
framework that we needed while we focused 
on building “the perfect car”. The work carried 
out with the documentation for the technical 
inspection was flawless, and with the detailed 
travel instructions the journey could not possibly 
go wrong.
Systems engineering
To keep the team’s efforts aligned towards one 
goal several new planning tools were created. As 
these tools were not followed up on, they mostly 
functioned as a burden and it became necessary 
for the rest of the team to share the responsibility.
PR & Media
The PR & Media team spread the word of DNV Fuel 
Fighter through traditional media and stands, 
as well as internet services like Facebook and 
Youtube. The Communication Award, which is 
given to the team that has managed to reach best 
out to the population in its own country, is a solid 
proof of their effort and results.
Design Work
The design work this year resulted in a new 
detachable interior, more simple and elegant 
solutions and a new graphical profile. The effort 
was awarded with the Shell Eco-marathon Design 
Award.
Exterior
The body performed this year as well. Only 
minor fixes were needed to pass technical 
inspection. Several of the small changes that were 
made contributed to the success in the design 
competition. 
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Interior
The new removable interior was a success. It had 
a nice overall finish and the judges were very 
impressed with the originality and performance 
of the system. 
Cybernetic
New modules for a system that could facilitate 
for a future implementation of model predictive 
control was developed, but because of the 
great task not totally implemented before the 
competition. This was part of the reason for the 
very short testing time.
Motor
The new motor is very effective but sadly 
unreliable because of a hasted production and 
lack of proper testing. It would be risky to trust 
that no more magnets will come off the rotors, 
and a new engine, or at least parts of it, should 
be rebuilt. Many of the same design parameters 
should be reused, with minor modifications listed 
in the motor chapter.
Rims
The rims were one of the things we did not need 
to worry about during the competition. They 
performed well when it came to stability and 
pressure holding, and design wise they were 
applauded by design judges and spectators. 
Solar panels
The solar system proved reliable, providing the 
battery with power during variable conditions 
such as direct sunlight and overcast. The efficiency 
was good and gain from the system equalled 
a quarter of the spent energy. The main issue 
with the solar panels is the limitations set by the 
monocoque. A new exterior that does not shadow 
parts of the panels is needed to maximize the 
output potential.
Suspension and steering
The suspension worked well with improved 
driving dynamics as the main result. Reduced 
play and new dampers would however make the 
solution more complete.
The steering passed technical inspection again by 
the skin of its teeth. That is not to say we think it 
was a bad choice as it was very lightweight. The 
question would rather be if the time spent fixing 
it could be better spent elsewhere.
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4.2 FINAL REMARKS
After one year the car was not the smooth running 
machine we dreamt that it would be, even though 
it did very well in the world’s most prestigious 
student fuel efficiency race. There are many 
reasons for this, the lack of testing, caused by 
delays in the production of several sub-systems, 
is probably the most important. The responsibility 
for the delays could be shared among the team 
members and the suppliers, and this has been 
a very valuable lesson. The assumption that 
professionals will be better at planning than the 
team members were proved wrong time and 
time again. From what we can gather from our 
delays it is clear that our estimates have mostly 
been best case scenarios. Any task not started is 
considered easier than it actually is, and any task 
started is found more complex than what the 
outside world seems to understand. As the delays 
became longer this was also a frequent source of 
discussion within the group.
Another obstacle has been coordinating the work 
capacity of the team members. The electrical 
engineer had to develop a new motor. In other 
words was it never possible for the team to follow 
the advice from the 2012 team to buy a stock 
engine. As mechanical engineers our task has 
been to develop a car for the Shell Eco-marathon 
as a part of our master thesis. For us it took quite 
some time before we realised the effect of all 
the different motivations that could cause the 
work towards many optimised sub-systems to 
result in an unoptimised car. In this case the 
electrical engineer is only an example. Through 
the year it became clear that not even we were 
free of motivations that were not necessary in the 
best interest of  the car. As the race came closer 
the solutions that seemed light and elegant 
before Christmas seemed fragile and in need of 
reinforcement as we became more risk averse and 
afraid of becoming the scapegoats of the team. 
The need of someone to guide the work towards 
an optimised system seems apparent. In particular 
an effort towards developing a simple model of 
the car and its range-potential could have helped 
the team members make the right decisions when 
optimisation of a system increases the weight of 
the car. It is advised that the person responsible 
for this model does not have responsibility for any 
sub-system.
For the next year’s team it will feel important to 
build a brand new car. A car of their own. Studying 
the two teams that finished ahead of us this year, 
and occupied the same two places last year, it feels 
natural to mention one thing. Both the Germans 
and the French have used the same car several 
years in a row. It seems to be a clear indication 
that the routine and reliability these teams has 
built over the years is an important factor of their 
success. With using the same car over and over 
they are able to do extensive testing, something 
the NTNU team could also accomplish. As long 
as you do not take on too much work you could 
finish the car in time for the testing, you can 
achieve the same results, if not better, than the 
two mentioned teams.
It is easy to put enough energy into the car to feel 
ownership without making a new monocoque. 
Do not underestimate the importance of re-
foiling the car to help this process and increase the 
motivation. Another great source of motivation 
and improvement of the team spirit is to unite the 
team through everybody working at the office.
In the end we all managed to pull enough in 
the same direction to get the car through both 
technical inspection, and ultimately a valid 
attempt. This ensured not only a third place in 
the competition, but also gave the opportunity 
to compete for the off-track awards. Ensuring 
our participation in the run up for winning our 
two awards. We could only have managed this 
through an enormous amount of combined effort 
and a shared goal of success. Looking back at the 
whole project we are really pleased with, and 
proud of the results we accomplished as a team.
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A1: Finance 
graphs
Category Total September October November December
            9 083.83          8 596.33             487.50   
DNV Fuel Fighter Project. NTNU team 2013 for Shell Eco Marathon
Project Management
Travel to Rotterdam
Hotel 25 416.86  
Car+Trailer 31 755.77  
Flight, train 28 454.37  
Metro, Bus, Taxi 6 382.80  
Food 4 156.73  
Technical and Communication 1 788.17  
Social events (for team) 3 706.79  1 548.00 182.94
Computers, office accesories 20 795.31  550.00 20 245.31
Recruitment 200.00  200.00
Transfer experience weekend 21 911.20  21 911.20
Misc 2 145.40  2 145.40  
Total PM 146 713.40  22 111.20  2 098.00  22 390.71  182.94  
PR & Media
Team clothing 24 800.00  
Photos 336.00  336.00  
Movie 12 500.00  
Stand in Rotterdam 509.00  
Posters 420.00  
Misc 1 540.43  651.00  
total PR 40 105.43  0.00  336.00  0.00  651.00  
Technical
Car
1. Propultion
Engine
Magnets 16 013.34  
Epoxy 5 657.50  
Kobber 2 900.00  
Workshop + 
professionals man-hours 16 056.75  
Motor controller 2 348.30  
Energy Source
Electric Battery 1 778.00  
Solar cell system 274 141.78  
2. Wheels/rims 28 611.53  
3. Suspension/steering 19 335.56  756.60
4. Braking System 1 386.00  
5. Exterior mechanics 1 984.75  
6. Design (Exterior and Interior) 9 000.00  
7. Cybernetics 25 082.18  
Testing 3 492.50  
Misc 1 956.00  
Salary for hired people 39 232.65  4 579.39  2 325.38  2 327.88  
total technical 448 976.84  0.00  4 579.39  2 325.38  3 084.48  
635 795.66  22 111.20 7 013.39 24 716.09 3 918.42
Cumulative 22 111.20 29 124.59 53 840.68 57 759.10
From last year budget + debt bills -120 000.00  -70 000.00
Travel return from Shell -7 500.00  
Prizes -22 500.00  
Sponsorship
Transnova -100 000.00  
DNV (main sponsor) -450 000.00  
NTNU Principal aid -60 000.00  
-760 000.00  -70 000.00  0.00  0.00  0.00  
-115 120.51 -47 888.80 15 609.72 25 203.59 3 918.42
-47 888.80 -32 279.08 -7 075.49 -3 157.07
Total balance
Total cumulative
2012
DNV Fuel Fighter 2 (2011-12) debt
Total project
Sponsorship and Incomes
Total sponsorship
January February March April May June
19 732.25 3 428.06 2 256.55
18 885.60      12 870.17
21 883.00 6 571.37
6 382.80
4 156.73
1 788.17
139.80 900.00 726.05 210.00
139.80  19 785.60  41 615.25  4 154.11  34 235.79  
24 800.00  
12 500.00  
509.00  
420.00  
678.43  211.00  
0.00  420.00  24 800.00  13 687.43  211.00  
363.75 15 649.59
5 657.50
2 900.00
3 394.25 2 525.00 1 557.50 8 580.00
2 348.30
1 778.00
273 220.90 264.88 656.00
26 238.00 575.00 220.00 1 578.53
843.75 2 053.25 12 456.25      3 225.71
1 386.00
1 984.75
9 000.00
305.00 20 100.00 4 677.18
3 492.50
65.00 68.00 810.00 1 013.00
30 000.00  
30 541.00  290 916.20  30 963.72  70 717.96  15 848.71  
30 680.80 311 121.80 97 378.97 88 559.50 50 295.50
88 439.90 399 561.70 496 940.67 585 500.17 635 795.66
-50 000.00
-7 500.00
-22 500.00
-80 000.00 -20 000.00
-450 000.00
-60 000.00
-500 000.00  -140 000.00  0.00  0.00  0.00  -50 000.00  
-469 319.20 171 121.80 97 378.97 88 559.50 50 295.50 -50 000.00
-472 476.27 -301 354.47 -203 975.51 -115 416.00 -65 120.51 -115 120.51
2013
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Communication plan
DNV FUEL FIGHTER 
Communication Plan 
“The way forward”
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Communication plan2
How we will work with the media?
 • Prepare exklusive and stories for magazines, trade press, radio and TV.
 • Get P3 (popular radio channel for youth) to have a report about the  
  project and the team.
 • Get the local paper in each home town (of the norwegians) to write  
  about team members, a point of view might be “The local talent that  
  builds an electric car”.
 • Make content to text, photos, infographics, Q&A etc.
 • Call D2, A magasinet, TU, P3, NRK, Schrødingers katt, Newton and  
  so on to check if they have a plan for publishing something in a sub 
  ject that Shell Eco-marathon and DNV Fuel Fighter can be a part of.  
Sell stories and articles, with different kind view to the media. Stories that should 
be said: ”In depth; Norwegian student innovation”: « This is how NTNU students 
build an el-car» «Future car built by NTNU students and shall participate in an 
international competition in May».
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Communication plan3
Phase 1: Establishing and create overview 
(september – november)
Identify what the team believes in Project Timeline.
Objectives of the number of newspaper articles and media coverage.   
                    
Start working with finding events that will be exciting to participate/do.
Start making a media kit (Photos of the team members, text, logo etc).
Establishing contact with sponsors (the guys building the car should do this), the 
sponsor contact will be maintained by PR- and media team.
An informal Facebook group will be made, communication between team members.
Contact information of each Norwegian team member and their local paper.   
 
Meet the department of information at NTNU, working for a better coop with them.
Contact Fotofagskolen and Norges Kreative Fagskole about pictures to press 
releases.    
Teambuilding
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Communication plan4
Phase 2: Implementation and alignment 
(november – january)
The media profile should be finished.
Establish a social media platform (Facebook, Twitter og homepage) (when the logo 
is done). Continuous updates and news in all our channels.  
We need to be informed about the deadline of every part of the car. So we know 
when to make a story/video about it.
Make a presentation of each team member.     
              
Start establishing contacts/deals in media, send press releases to local press and 
student medias.
Brainstorming with the entire team, what we can to do to get as much attention as 
possible about the project.      
Fotoshoot with the team, preparing press releases.
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Communication plan5
Phase 3: Adaptation and improvement 
(january- march)
Sell stories to the press (twisting techniques: what makes a story sexy, how many 
stories can be said).
Adjust measures in the media: what gives best result according to  statistics.
Make a strategy for revealing the car ( send invitations to the media, the sponsors etc.).
Team building with the press.
Make a video for launch of the car  «This is the team».
Produce a mini- series on youtube about the project, try to promoting this in the 
media, or send it on adressa.no.
Establish contact with NRK and TV2: is there some shows we can tell/show our car?
Keep our Facebook, Twitter and web page updated.
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Communication plan6
Phase 4: Full implementation 
(march-june)
Competition phase: sell in the competition aspect with a new touch on the 
innovations on our car in advance.
During the competition: keep the media informed write stories, send pictures 
(ready for press).
After the competition: How did it go?
Loss = fire for minimum dividends.
Victory = rekindle the flame for maximum output.
Keep our Facebook, Twitter and web page updated. 
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Phase 5: Evaluation and summary 
(june-august)
How did it really go? Measure  the effect of the work.
Inform the sponsores about the result.
Transfer knowledge to next year’s generation.
Keep our Facebook, Twitter and web page updated.
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What are the main strategy objectives of your 
communications plans? (Introduction)
Our main strategy objectives are to go big, and be focused in our communication. 
This means that we use as many channels as possible, and use them to our best 
advantage. And at the same time we make stories that fit each and every channel. 
So that the message we want to send, really reaches our goal audience. 
Below we will tell about our goals and the messages we focus on in our PR and 
media plan. We will also talk about our target audience and how we will reach 
them and measure our activity in later questions. See the communication plan for 
how we will work with the media and the different phases of our plan. Combined 
they show our strategy. 
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Goals
The main objectives of our communication plan are to get as much publicity as pos-
sible for DNV Fuel Fighter. This includes the car itself and the members of the team. 
Also our sponsors, especially DNV (Det Norske Veritas, our main sponsor) will be 
important for us to represent. The university (Norwegian University of Science and 
Technology) and Shell Eco-marathon is important as well.
Our goal is 150 articles, appearances on television and radio. It is a big number but 
we hope for much publicity right before and during the Shell Eco-marathon.  We will 
also participate in 15 events and stunts.  In addition our goal is to tell about the pro-
gression of the car, and tell about events and our stunts, on social media platforms 
such as Facebook, YouTube, and on our homepage.
We want to make this project as accessible to our audience as possible. This will of 
course be achieved by media attention. But social media is a great way to really let 
people SEE the process of making an eco-friendly, highly technological car for Shell 
Eco-marathon.
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Our message
We want people to think eco-friendly, and that it is important to think about the envi-
ronment. This is why we make an eco-friendly car. Because one day it might be a part 
of the future and therefore, the way forward (this is why we use this sentence as our 
slogan). 
We mostly tell people about innovation, and what is unique about DNV Fuel Fighter. 
The monocoque, the motor, and solar panels are all really special. And the technology, 
university, sponsors and the students who make them deserve to be recognised. 
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What audiences are you targeting 
with your plans?
Students attending Norwegian University of Technology and Science (NTNU)
There are two reasons why this group is important. First, they are possible recruit-
ment material for future DNV Fuel Fighter cars, and participation in Shell Eco-mar-
athon Europe. Second, NTNU students are naturally interested in NTNU projects. 
Therefore they are our most enthusiastic audience, and a great way to spread the 
word about our car and Shell Eco-marathon. This group will be reach by stunts and 
events at NTNU campus, and through both student media and media in general in 
addition to social media.
Politicians
We will get politicians interested in our car because the concept of a sturdy light-
weight eco-friendly car is important for a sustainable future. So it is a project politi-
cians will want to be associated with. Also it shows the promise of new engineers, 
which is very important also. This group will be reach by media, and an invitation to 
the revealing of the car.
Business
At the same time business both locally and other places in Norway might have an 
interest in the technology. So it is important for us to make sure they know who we 
are.
This group will be reach by media, and an invitation to the revealing of the car. We 
will also be in direct contact with this group for sponsoring and knowledge transfer.
Regular people
Most of our communication will in the end reach your typical John and Jane Doe. 
This group may not have a personal, political or business/technological relationship 
to our project. The majority will be made aware of our car and the competition in 
Rotterdam. But we also have to consider the people who will have an interest in 
the technical innovations and the eco-friendly part of the project and competition. 
This group will be reach by stunts and events mainly outside NTNU campus, and the 
general media.
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How to reach the audience?
Webpage
Early in the project we saw the need to make an awesome webpage. Today everyone 
Googles for information. And that means that we need make our project easy to 
find. We have put in lots of effort into search engine optimization for our site. This 
means making headlines that will pop up in Google searches. Good content.  But we 
have also gotten links to our page on several other pages. This combined has paid 
off! When you now Google DNV Fuel Fighter, you find our page and not the pages 
from previous DNV Fuel Fighter teams. This means that people find us, when they go 
looking.
On the webpage itself we have focused our attention on presenting as much 
information about the project as possible both information about the car, the 
competition and the team. And also the legacy of earlier Norwegian teams. We 
use the webpage as a showcase both to show the project, but also to show our 
communication effort. 
We find that it is really useful to have a webpage to refer to when the press needs 
information.  
YouTube
This year we have made several videos, showing different parts of the production 
phase of the car. We have posted every video to Facebook. We have also made our 
own YouTube channel to collect the videos in one place. And at the same time take 
To reach our goal audience we use as many channels as possible. This is because 
people are everywhere these days, and that means that we need to be everywhere as 
well. 
Our webpage. 
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advantage of the opportunity this channel gives us. Our reach is a little bigger, since 
YouTube recommends similar videos to the ones you are watching. This means that 
we reach people already interested in technical videos. 
We have also gotten a small film company to make a reveal video of our new car. 
This will of course be placed on YouTube, and we hope it will get quite a bit of 
attention. 
Facebook
We use Facebook to connect with our followers on a regular basis. There are lots of 
little stories to tell about DNV Fuel Fighter, and one of the best ways to tell them is 
through social media. We value the possibilities of interaction with followers, and 
the transparency we can achieve throughout the project. We hope to engage both 
young and old, professional, and John and Jane Doe, with the stories we tell on 
Facebook. 
It is worth noting that Facebook is really commonly used in Norway. Almost 
everyone have their own profile. And almost every company, big and small, have a 
page. This means that Facebook is a really important as a channel. And it means that 
we have been forced to make a really engaging page. 
We have found that pictures of team members get lots of attention, and pictures are 
definitely more interesting than just text. This means that we focus a lot on everyday 
life with the project. In addition we have a lot of tech-savvy people who like us. So 
we post pictures of interesting mechanical things from time to time. 
The numbers of likes have gone steadily upward since the beginning of the project 
in August 2012. Our goal was to beat last year’s Fuel Fighter team. They had a little 
over 700, we have passed that number now, and are still growing. This without using 
any money to promote our Facebook posts. 
Our Facebookpage.
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Fairs and events
 
The picture shows a team member talking about our car to some children. 
By attending lots of different events, we have been able to talk to our goal audience 
face to face. This has been a valuable experience. And the total number turned out 
to be 16 events. We will talk more about our participation on fairs and events later in 
the text. 
The picture shows a team member talking 
about our car to some children.
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Media
 
This is a print screen from our web page, showing some of the articles we have had.
The most potent way to reach our audience is of course through media attention. 
We have a lot less control over this channel than the others above. But we have 
still managed to get quite a bit of attention. How we work, and our results will be 
answered later in this text. The number of articles so far is 24. And this is before the 
revealing of the car in Norway, and the competition! The project has in addition 
also been mention in some blogs and on webpage’s belonging to our sponsors and 
supporters.
This is a print screen from our web page, 
showing some of the articles we have had.
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How will you measure that you have achieved 
your communications goals?
We have several ways to measure if we are achieving our communication goals. 
One way is through Facebook Insights, Google Analytics on our web page, and sta-
tistics on YouTube. Here we can see lots of different figures like: How many who likes 
our Facebook page. How many people visit our webpage and we can also see how 
many people we reach with our updates in all our channels. We can see the direct 
effects of newspaper articles on the count of visitors on our webpage. 
We can measure virality of our posts. We can also analyse which posts get most 
attention and comments. Then we are better able to do changes in regards to what 
and when we should post things.
In addition we have from the beginning tried to listen to the audience. What do they 
really think about us? We have done this for all the target groups. If we have heard 
something negative, maybe they don’t understand something. Then we have tried 
to change it in a positive way, and if they have said something positive we have tried 
to continue doing that. We feel that it’s more people that heard about the DNV Fuel 
Fighter now, than it was in august 2012. 
We have also measured our goal by counting the numbers of times we have been in 
the media. In addition we have got feedbacks from professionals, for instance jour-
nalists who think we are doing an impressive work.
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Several things make us different. Our big effort when it comes to participating in 
events that is relevant for our project. We have been on several stands to reach 
different parts of our goal audience. We have met with kids, and talked about the 
future and inspired them to pursue an education where they can be part of build-
ing the future. We have met with students on campus on several occasions. Both to 
recruit them to the project, but also to get them excited about innovation. Lastly we 
have also talked to grown-ups, telling them about the Shell Eco-marathon. 
We have also partnered up with a fellow car building team at NTNU. It was beneficial 
for both our teams to work together on a story for the press. And since both teams 
are pushing innovation in the car industry we have a lot in common.
In addition we also work hard to make unique stories for the media, and for our own 
channels. We believe that the best way to get people excited is to show as many 
parts of the project as possible. 
What really makes us different is the high number of newspapers in Norway. And all 
of these have really high standards regarding the stories they publish. So in order to 
get publicity we have to establish relationships based on trust, and a mutual under-
standing of the importance of good stories for both of us. 
Our ambitions regarding media attention and willingness to work with similar part-
ners to achieve similar goals define our communication.
In your opinion, what makes your communications 
different from other teams? 
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What topics do you plan to develop 
for your communications?
We have several topics planned, and some already put to life. Our team. Our vehicle. 
The competition. The technical innovations like the motor, the computer in the car and 
the solar cells. Our university. And the educational aspects of the project. 
Detail your main topics: 
We have focused on each individual Norwegian team member, and gotten articles in 
their local newspapers. Giving them an opportunity to shine. 
Now before the race we are working on a series of articles presenting three of the 
most exciting innovations on this year’s car. The solar panels. The hardware running 
the car. And the motor. Even though the subjects in the stories are different, the stories 
are very similarly built from our side. We try to explain the innovation in an easy to 
understand way, so that most people will understand it. The team member in charge is 
always cited saying why the technology is useful, or how it might be useful. 
During the competition we will focus on stories about the car, the team, and the 
competition. 
We have a joint article with a fellow car building team focusing on the educational 
aspects of practical projects, and the unique student culture at our university. 
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Have you privileged contacts 
with media?
We have had different kinds of privileged contact with the media. Because of the 
diverse kinds of target groups we have been working to get contact with different 
kinds of media as well. We can divide our media contact in four groups: local, region-
al, national and the Internet. First we will describe in great detail how we work to get 
stories in all types of media, with our work with the local press as example. 
Local media
We have been in contact with several local media. We have tried to get each Norwe-
gian team member in their home town local news paper. Our main goal was to let 
the local people know that they have a person from their town working on a project 
where the goal is to build an electrical car which will participate in Shell Eco-mara-
thon.
Getting an article in each town paper has not been easy, but with diverse ways to sell 
a story we have succeed. The first step to get the local newspapers to write about each 
team member was to find someone in each newspaper that was either writing about 
technical things or other things that could be relevant for our topic. 
When we found that person, we wrote an email with a press release where the topic 
for instance was “Local boy participates in major international competition” or “ Local 
boy is building energy efficient solar cell car”.  The content in the press release was 
who the person is, name, age and what he study. In addition we wrote what the per-
son does in the team, for example building the motor.
In addition we wrote to the journalist saying that we would appreciate if it was possi-
ble to write an article about us. 
To give life to the press release, and make it easy for the journalists to write articles 
about us, we also sent a picture of the car, one group picture, a portrait and a picture 
where the main person for the story was shown working on the car. We also included 
a quote and sent a fact box with a general content about the Shell Eco-marathon and 
facts about the DNV Fuel Fighter.
The press releases were sent in the beginning of the week, because we have been 
told, and experienced, that it’s easier to sell a story to a journalist then because they 
don’t yet know all the things they are going to write about that week. We have also 
experienced that the journalist were not willing to start on new articles closer to the 
weekend.
272 DNV Fuel Fighter
Communication and Marketing Award14
Some of the journalist wrote back to us quite quickly but some did not answer. This 
we handled in two ways. With the ones that answered, we started to plan how and 
when the interview with the person from the team should be.  And we establish 
contact between the journalist and the team member. For the ones that did not 
answer the email, we had to call them up. On the phone we referred to the email 
we sent and asked if they thought it was possible to write a story. Some said almost 
right away that this was ok. Others were more sceptical and we had to try to sell the 
story one more time, often by trying other story angles. 
This careful routine made sure we got a lot of the articles we wanted. It only happen 
once that we had done an interview that was dropped afterwards. 
Regional media
For the regional media one of the PR girls had contact with a journalist because of 
earlier business so she contacted him and tried to sell the story. This she succeed in 
and the journalist establish a new relation between her and a suitable journalist that 
could write the story. We got a visit from a journalist and a photographer and they 
got what they needed for the article. The result was almost two pages of text and 
pictures in a regional paper. 
In addition we have been cooperating with other students at our university that are 
building a formula 1 car to get articles in regional papers. With the story about our 
two car projects we have succeed in selling stories to the papers about us. 
National newspapers
We have been in Norway’s biggest online newspaper VG.no. This was with an article 
about us using a Raspberry Pi computer as a central component. This in itself is not 
very important to the car or the competition. But the Raspberry Pi has gained quit a 
lot of attention in the IT community. We used this knowledge to pitch a far reaching 
article. We actually got bloggers and small news sites who wrote about the project 
totally on their own.
National papers will be getting the big stories about DNV Fuel Fighter. Stories form 
Rotterdam and the revealing of the car just before the competition. We will work in 
the same way as we have before. By establishing a good relationship with journal-
ists, and presenting them with clear and precise stories. 
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Internet in general
The way we see it, is that the world of news is fast paced. And we need to help jour-
nalists as much as possible by presenting them with easy information, which easily 
can be converted into news articles. This is particularly true for online newspapers. 
They need a constant flow of new stories. And they never take their time to really 
explore stories they find interesting. 
In order to get in contact with online newspapers it was important for us to prepare 
unique and exiting stories that were almost ready made. Press releases which con-
tain enough information to write an article from proved to be a good way to get 
journalists to want to work with us. Here the webpage came in hand. So getting the 
press to write about us is all about understanding how the online newspapers work.  
In our contact with online newspapers and websites we presented custom made 
stories. Tailored to suite their goal audiences, and stories which fit their existing top-
ic of interest. We have gotten stories about DNV Fuel Fighter in local, regional and 
national online newspapers.
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Will you participate or have you already participated in events? 
What were your objectives?
We have been on several events, and the objectives have been special for each event. 
We have been very aware from the start of the project, that if we were to participate in 
an event it should be for a reason. The reasons are the chance of meeting and talking 
to our target groups. And the chance to please our sponsors, this is very important for 
us and the development of our car. In both these reasons showing our car and talking 
about the competition has been a key objective.
We have attended different kinds of events: on campus, out of campus, with sponsors, 
and visits in our office/workshop from special persons.
Campus events
We have had ten events on campus, the goal have been to reach our main target 
group: the students. On this events we have brought with us technical parts and or 
the car, roll/ups, and computer with pictures to show students what we are working 
on. This has been very successful, speaking face to face with students have given us 
the opportunity to tell about the project. The first event was before Christmas and 
the last was in April. We have noticed that more and more people have heard about 
us and the project during this period. And this was one of our main goals with these 
events.
Events out of campus
We have been on five events out of campus, this was to reach John and Jane Doe and 
their kids. These have also been successful. We inspired kids to be engineers, and talk-
ed to grown-ups about the environment and the future.  On some of these events we 
have arranged activities for the people passing by. For instance on one of the stands 
people could build Lego car with solar cells. This was popular, and an easy way to 
teach kids and grown-ups how much energy solar cells need. 
With sponsors
On one event we were with our main sponsor Det Norske Veritas (DNV) and on an-
other we joined forces with Shell Norway. On these events we met students, John 
and Jane Doe, Politicians and business people. It is important for us to show that the 
DNV Fuel Fighter is built with awesome help from both local and national business in 
Norway.  
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Workshop
We have also had visitors in our workshop and office from people we think will give 
us attention in the media, and people who will talk about us directly to students, 
sponsors and business. We had a visit from the next rector of NTNU. We also have had 
a visit from the current rector at NTNU. Our main sponsor DNV have stopped by, both 
from the main office in Oslo, but also from the office in Trondheim. We are also getting 
a visit from Delprodukt AS in May, one of our most important local sponsors.
We will also have revealing of the car the 3. of May. This event will be out of campus to 
let John and Jane Doe see the final results. Sponsors, NTNU’s principal and the Minis-
ter of the Environment have been invited. The event is well planned, and the press is 
invited.
In total: 16 events and 5 visit in our workshop.
This picture show a lunch lecture, one 
of our team members is talking about 
innovation in big projects like ours.
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What return did you expect? 
What return did you obtain? 
On these events we expected to get to talk with all our target groups, to increase the 
attention on the team members and the project, make people curious and to try to 
get new team members for this years and the next year team.
On the events we got to talk with all our target groups, we increased the attention 
towards the team members and the project, and we made people curious. We also 
got people to contact us about becoming potential team members for next year, 
and we got one person (graphic designer) to work on this year’s team. We also got 
Facebook likes from people we talked to.
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What type of materials did you create to 
develop your communication?
To communicate with the people, the sponsors and the press we have developed 
several communication materials:
 • Flyers
 • Posters
 • Roll-ups
 • Stickers
 • Press kits (including fact box and pictures)
 • Website: http://ecomarathon.no/
 • YouTube: http://www.youtube.com/channel/UCpS   
  m3Xb-6CvnWCWFLyiNrMA  
 • Facebook: https://www.facebook.com/DnvFuelFighter
 • Press releases
 • Jackets and t-skirts with our logo and the sponsor’s logos
Did you create a slogan? 
Using the same as last year: “The way forward”
How did you manage communications within your team? How did you make it work? 
We are a team with 14 persons from different studies, schools and countries and 
it has therefore been very important to work with the communication within the 
team. Communication is therefore both in Norwegian and English. From the be-
ginning we thought it was important that all members got to know each other and 
have a good connection during the entire project time. Because of this we arranged 
different kinds of regular events for the team only. We have had several movie 
nights, almost every Friday we have met for “Friday beer”, we have been to one of 
the team members for “hot tub” nights, we have visited a local swimming pool, had 
dinner with our main sponsor and had a day before Christmas when we made gin-
ger bread model of our car. This has changed us from being 14 different persons to 
be one good team.
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In addition to the team bonding we have meetings at least on time each week. We 
have our own internal Facebook page, one common Google account (Calender) and 
a huge white board in our office where it is systematically organized which work 
field each person has so we update regularly. We have also tried to do most face to 
face communication to avoid misunderstandings.
One of our early group photos.
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What type of communications do you plan to have on 
the event itself before, during, after the event?
On the event itself, Shell Eco-marathon, we plan on celebrating our national day the 
17 of May. We have put in a great effort in inviting Norwegian people in Rotterdam 
to come and visit us. This we have done through contact with the Norwegian 
embassy and the Sjømannskirke (The Norwegian church). On every other day we 
will have roll-ups, posters and be ready to answer peoples questions about our car. 
Much the same as we have done on stands home in Norway. 
The 17 of May event will be an important opportunity for us to get attention 
beforehand and after in the media. This will be made into a news story, in the same 
way we have made stories for newspapers earlier.  
On every other stand we have had earlier we always have the same communication 
plan. Beforehand we tell people about the event in social media. And after we 
publish photos from the stand on our Facebook page and webpage. During the 
competition Facebook will be updated several times a day.
280 DNV Fuel Fighter
22
Do you have any other information that you would like 
to make known to the Communication jury?
We want you to be aware of the Facebook page and the web page we have made. 
On both sites you can read more about the project and see pictures from all events 
and stands we have participated in. In addition you can see pictures from team-
building events and who is sponsoring us. You may also get an overview of all the 
team members.
Note: The requirements says that if we are one of the teams that potentially can fight 
for the communication award, the PR managers have to be in Rotterdam 15th of 
May. We ordered our plane tickets before this rule was published and the PR team is 
not going to be in the paddock before the 16th of May. So if DNV Fuel Fighter is one 
of the teams you want to visit in the paddock, please come sometime after 15th of 
May.
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Introduction
The original DNV Fuel Fighter (2008-2011) won two sec-
ond places, one first place, the CO2 award and multiple 
off track awards during its lifetime. Since then the DNV 
Fuel Fighter team decided to build a new car from the 
ground up there has been a continuous process towards 
the car that is presented as the 2013 DNV Fuel Fighter.
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What concept have you used in 
designing your vehicle?
To design the physical design  of the car a design thinking process was used. The aim 
was to build a lighter and more visually appealing car with a drastically lower drag 
coefficient than its predecessor.
The concept of the design seen in the 2013 DNV Fuel Fighter has been to take 
another step closer to the resemblance of commercially produced cars. The visual 
profile which follows this has been made to communicate the values of the team 
and the technology that has been used. This includes, but is not limited to, the use 
of high quality materials and well machined parts resulting in a polished result. This 
has always been seen as the best road to a high performance Eco-marathon car, and 
never as a prioritization of form over function.
The 2013 DNV Fuel Fighter under construction.
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What are the strengths 
of your vehicle?
Custom production to reach the most best result is the basis of the DNV Fuel FIghter. 
To ensure that we have a completely optimized vehicle, we have attempted to make 
every little part from the lightest available material. The result from this mentality is a 
variation of custom production parts including milled and turned from solid carbon 
fiber, such as the front knuckles for the suspension, and details in aluminium and 
titanium.
“If we can make a part lighter ourselves to still fit the requirements, we will.”
The design of the carbon fibre monocoque is of course the manifestation of the thor-
ough design of the new car.  In addition to being lightweight, there are no unneces-
sary holes creating drag or reducing its strength. The result of the streamlined design 
is a reliable car with a wind tunnel tested drag coefficient of only 0.18.
To make the car go the extra mile a new in-wheel-engine that should perform with 
an efficiency of 98% is designed. The in-wheel-engine design saves weight and re-
duces the number of parts, which increases reliability. Together with our new, per-
fectly integrated solar cells, we hope these electrical systems will surely take the car 
to new heights both on the design and the on-track arenas.
3D modell of the motor.
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What are its outstanding features in 
the following areas?
Vehicle body
One of the major challenges when designing the vehicle body was to include the 
“tail” in the design of the car. From the original Fuel Fighter, we learned that the val-
ue of adding a “tail” to the original improved the aerodynamic performance exten-
sively. The design of this body is also very complete in the way that we have allowed 
for preparation of all fastening points and indents for attachments to avoid compro-
mising the core material that carries the major loads in the monocoque.
The organic design of the new DNV Fuel Fighter lowered the drag coefficient a lot 
compared to the original. Still it made the inclusion of the solar cells leading up to 
this year’s competition a greater challenge. Knowing the massive impact the solar 
cells could have the incorporation of the solar cells on the carbon fiber body has 
been a prime concern from day one. Shell Eco-marathon`s regulations states that 
the panels can not extrude from the body in any way. Since we have bought flexible 
Gallium Arsenide Solar cells we could make the panels fit the sleek and aerodynamic 
curves of the body. Even though the solar panels is an add on feature from the last 
year car, the overall aesthetic performance of the panels coincides perfectly with the 
curved lines of the monocoque. The overall looks of the panels coincides with our 
wanted image of a high performance, modern electrical vehicle.
Interior style of the vehicle
When designing the driving interior we decided to strip it down to the minimum 
amount of parts, and instead focus on the details and the ergonomics. Both the 
dashboard, drivers seat and the firewall are made in carbon fiber, where it has been 
put effort into making the fiber layup look as beautiful as possible. To break up the 
look a bit, we have introduced some details in contrast colors. 
This year we wanted to take another step towards the look of a commercial produc-
tion car. This includes an easier to use electronics system and an interior which mim-
ics the interior of commercial production cars, showing less cables and mechanics in 
the drivers compartment. This philosophy extends to the rear compartment of the 
car which is tidy and cleanly designed.
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Ergonomics
In a race like the Shell Eco-Marathon, the performance of the driver plays an import-
ant role in getting good results. It is therefore important that the driver can keep 
focus on the driving. To make this as simple as possible, we placed all functionality 
that is needed during the race in different buttons on the steering wheel. This way 
the driver never needs to take his eyes from the road to do any maneuver. A large 
7’’ screen displays speed, lap counter and GPS map, it lets the driver spend minimal 
time searching for crucial information. 
 
The drivers position is customized to the selected driver for the race, but can also 
easily be adjusted to fit anyone else. The seat is designed to keep the driver stable, 
and in a best possible position for always having a good overview of the situation. 
On each side of the driver, inside the A-beams, the rear view mirrors are placed. This 
way they create no air drag and does not limit the field of vision.
The ergonomics of the car are affected not only by the interior, but also by the forces 
that make their way through the wheels, suspension and monocoque to the driver. 
This was part of the reason that suspension was introduced last year. This year extra 
focus had been put into reaching a natural frequency of 2.5 Hz, which is similar to 
stiff sports car suspension setups. This is what we find to be the best compromise 
between energy efficiency, ergonomics and road grip.
 
The access to to car have been an important aspect through the whole design pro-
cess. This has been considered not only for the driver entering and leaving the car 
during competition, but also for easy accessible mechanics and electronics systems.
Overall physical appearance
The DNV Fuel Fighter will appear as a complete and thoroughly designed car. When 
improving the car from the 2012 to the 2013 competition a clear goal was set: Not to 
make any changes that leaves the car looking “repaired”. The new rule saying that the 
towing hook could not be in front of the foremost point of the chassis therefore gave 
us a challenge as the hole that would be left would look bad. The solution became a 
retractable push-push solution, similar to that of many memory card readers. 
We have improved the finish of the car to seem as close to a production car as possi-
ble through a focus on finish down to every smallest detail. This is clearly seen in the 
design of the new rims, which are heavily inspired by high end sports car rims, while 
still staying fuel efficient. 
The result of the harmony of the graphical details, the high quality materials, well ma-
chined parts and the tidy interior represents our vision of cutting edge car design.
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Use of colours and materials to improve the physical appearance of your vehicle
As the body of our car was produced in a negative mold, rather than positive, the 
finish of the carbon fiber is exquisite. This is something that we will show for in the 
graphical design of the car; revealing parts of the carbon fiber through clear coating 
it and cutting the foil. An effect that will emphasize the brilliant craftsmanship that 
has gone into manufacturing the monocoque. 
With the redesign of the DNV Fuel Fighter identity in 2013, the design of the car 
was also changed. The purpose was to create a more comprehensive identity that 
reflected the projects values better. With a new color palette the car got a more 
unique look that is easily recognizable and that highlights the car’s urban futures 
with the shapes and colors.  
The new DNV Fuel Fighter logo.
290 DNV Fuel Fighter
Design Award 8
In what manner does the design of your vehicle 
contribute to better energy efficiency? 
Two thirds of the car’s design focus has been towards improving the efficiency. 
We have designed the dimensions of the body to an absolute minimum set by the 
Eco-marathon rules to have the lightest body and minimum projected area towards 
drag. In addition, our design is as aerodynamically shaped as we find possible with 
the set rules of Eco-marathon and the physical and ergonomic aspects of a driver 
and his performance. This extends into the finish of the car. A finish is needed to 
minimize drag and for the polished appearance we seek. As we found paint to be 
too heavy foil is used instead.
Testing the new light and efficient aerospace graded solar cells. 
291ECO-MARATHON 2013
Design Award 9
How did you design/build your vehicle? 
What skills/academic disciplines were used?
The car was designed through the use of a modified version of The Industrial Design 
Process developed at Institute of Product Design at NTNU.
The total design and production included students studying mechanical engineer-
ing, material engineering, cybernetics engineering, industrial design students, 
graphical design students, product development, chemical engineering and com-
puter science.
Concerning the building of the carbon fiber monocoque, vacuum infusion was used 
through guidance from one of the leading suppliers of these services in Norway. 
Concerning CAD-work, construction, digital testing and visualisation we have used, 
Solid Works, 3DS Max, UGS NX and Ansys.
The machining were mostly done by industrial design students, industrial engineer-
ing students and mechanical engineering students on the team at our university. 
Some jobs that required machinery which we do not have access to were done at 
local mechanical workshops using our designs and blueprints.
The new electrical system seen in the new interior was developed by cybernetics 
students, energy and environment engineering students, and computer engineer-
ing students.
The design of all new parts were done with consultation from the graphical design 
students. They also designed the entire graphical profile and the foil decoration.
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How did you manage your project from 
the initial idea through completion?
The process towards the 2012 competition was complex, as the designing of the 
overall looks of the car, ran parallel to the ones of designing the other sub system 
such as brakes, suspension, engine, wheels and steering system. The challenge and 
advantages was professionally handled through constantly visualising the design 
for the other subsystems in collaboration with the Systems Engineering team. They 
were responsible for every interface between the various subsystems and verify-
ing the compliance with these and again each team-member and their subsystem. 
Through the whole process verifying any decision made, has been a key factor to 
maintain a steady progress towards completion.
As the industrial designers who designed the car’s visual identity last year left the 
team after they finished their master theses the team sought new designers to work 
on the car towards Shell Eco-marathon 2013. The new team consists of two graph-
ical designers. Their task has been to update the graphical profile and consult the 
mechanical and electrical engineering students as they have designed new parts. 
The background of the new designers led to a different approach to the design pro-
cess. The monocoque and the original car design was made with the core goals of 
getting car that was lighter, more visually appealing and that had a drastically lower 
drag coefficient. The designers this year wanted to recreate the graphical profile to 
communicate more of the team’s values and goals while at the same time respect 
the work of the previous designers.
The lines and the color is repeated on the back of the car. 
293ECO-MARATHON 2013
11
The new ideas of the design team can be seen in:
The color palette. Where the blue and turquoise colors represent our nordic identity 
and the orange represent the energy and the warm light of the sun in the arctic win-
ter. At the same time the orange represent the contrast which the energy efficient 
car is to the normal cars and the electricity itself.
The forward charging colibri. The symmetric design is more direct and clearly shows 
the direction we want to take.
The old design ideas can be found in:
The shape of the car.
The colibri, the world’s lightest bird, representing the energy efficiency of the DNV 
Fuel Fighter.
The use of high quality materials, like the carbon fibre, showing details through the 
foil of the car.
This way this year’s design and development process has been an extension of the 
design thinking process that started in 2011, but with a clearer profile behind the 
choices in the final design.
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Introduction
“Safety is an essential consideration for the event organisers. Any activity deemed 
unsafe or outside of the spirit of the event will be met with appropriate action by the 
event Organisers”
Shell Eco Marathon Official Rules 2013. 
Chapter I. Article 9a 
The DNV Fuel Fighter team considers safety as a concern that cannot be ignored 
in any task during the design, production and competition. The team is aware that 
any emerged problem due to ignorance of safety issues could have a very bad 
effect in public opinion regarding future of energy efficient vehicles therefore, 
the team tried its best to address the safety issues in the best possible way. Being 
based in a country where environmental, health and safety regula¬tions are among 
the strictest in the world is of course a great advantage in this work. Additionally, 
regulations for the work environment (office and workshop) in the home University 
(NTNU) had a great effect in avoiding undesired hazards during the project 
implementation.
The team also wants to thank the main sponsor – DNV (DET NORSKE VERITAS AS) for 
the financial aid and their consultation in terms of new product development.
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How have you taken into account the Shell 
Eco-marathon safety regulations? 
DNV Fuel Fighter project aims to participate in Shell Eco Marathon Europe event 
and safety regulations which are provided by the organizers has a great importance 
for the team. Project Manager, System Engineer and Race Manager are responsible 
to make sure that proper level of safety has been met in different steps of the 
project therefore, efficient approach of risk and safety assessment was established 
for every aspect of the project including design, production, testing, travel and 
accommodation of the team to/from Rotterdam. The Project manager also acts as 
the main manager of the administrative aspects of the safety, as the Safety manager. 
This is important, as the main responsible for HSE in the team cannot be working in 
the workshop himself. The System Engineer on the other hand will be in charge of 
the technical aspects as the Safety engineer, and is present at all full system tests of 
the car.
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If you participated in 2012, what were the main safety improvements, as 
regards regulations, that you implemented in your project since then? 
1. Efficient approach for risk and safety assessment within the main hazardous areas:
 
 > Workshop and Office (working conditions for the team) 
 > Travel to/from Rotterdam, Ahoy Arena and accommodation. 
 > Arena and Race (whole Shell Eco Marathon event in Ahoy, Rotterdam) 
 > Car, Trailer, Stand features – design, maintenance and operation
2. Safety Manager and safety engineer roles was established to ensure implementa-
tion of this approach.
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What are the main innovations of your vehicle in terms of safety (visibility, 
roll bar, fire protection, driving area, ventilation, overall conception, etc.)? 
Propulsion and steering 
Using new engine with safer characteristics and better control system is a reliable 
solution in terms of the safety.
A new dashboard with proper touch screen which has a friendly user interface and 
show necessary information to the driver has been implemented to the car.
Improved steering wheel with joystick provide better control for driver.
Towing hook
Having a towing hook on the front of the vehicle is mentioned in the Shell require-
ments. In order to make it safer without making a new hole, that could reduce the 
structural integrity of the vehicle, a “push-to-eject” solution has been implemented. 
Therefore the towing hook are inside the body in driving situation and this make the 
car safer in case of any accident.
The new towing hook.
300 DNV Fuel Fighter
Communication and Marketing Award6
Rims
Last year rims were made of carbon fiber. Although that was a light solution, it was 
not a completely safe solution. Experiences from last year team shows that carbon 
fiber rims couldn’t keep the tires air pressure and increase the risk of rims explosion 
in higher air pressures. Therefore this year team decided to make the aluminum rims 
as it is a more reliable and safer solution. 
Suspension
The suspension is updated to increase the tires contact with the ground and as a 
result also better the handling. This includes a thorough analysis of spring rates 
compared to the vehicle’s weight and the frequencies that are common to sport (2-
2.5Hz) and comfortable for normal people.
 vehicle. Therefore the drive will have a better and easier experience of driving with 
full control.
Wheels
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What original safety features, whether active 
or passive, have you included? 
Vehicle Body
In order to make the vehicle more fuel efficient, the vehicle body made as an aero-
dynamic self-supporting carbon fiber composite structure. The monocoque tech-
nique originally comes from aircraft and space industries as the fuel efficient and 
safe approach. The total car weight is 95 kg which achieved by the extensive use of 
carbon fiber and other light-weight materials, such as aluminum, Kevlar and POM 
plastics. Carbon fiber is a magical fiber-reinforced polymer which makes the car 
body extremely strong and light. Windows are one the most important part of the 
car which needed to made of a material which won’t shattered into sharp shards 
in case of car collision. DNV Fuel Fighter has a window which is made from Lexan. 
Thanks to carbon fiber Monocoque and Lexan windows, a safer situation in case of 
car collision both for driver and other cars in race track, has been gain.
The brakes are updated. They are based on the bicycle hydraulic brakes and was 
made to make sure that the driv¬er has full control in every situation. 
Driver Safety
The safety engineer put a lot of efforts to make sure that original safety features for 
the driver which are proper and adjustable safety belts, fire extinguisher which is 
suitable for “ABC” class of fires, three quarter helmet, fire retardant racing suit and 
gloves. Others safety features are made by team. Driver seat made also from carbon 
fiber in minimalistic style to avoid any difficulties to leave the car in case of incidents. 
Firewall between driver and rear part of car with engine, batteries and other details 
is additional protection.
302 DNV Fuel Fighter
Communication and Marketing Award8
What have you done to ensure driver comfort (position, cockpit 
ergonomics, ventilation, aeration of the cockpit)? 
Driver Comfort 
In a car like this, the performance of the driver could count up to 50% of the result, 
so the ergonomics in the cockpit environment is really important. Position of the 
driver, safety consideration and ergonomics are not only designed for the regula-
tions but also to make sure that the driver is able to perform his. With the updated 
suspension the frequencies of the system is a part of this work.
Other safety improvements
Some problems regarding very hot temperature inside the body has been reported 
from last year team. This problem was mainly because of the very dark body color 
which caused a very uncomfortable driving situation. This year team changed the 
body color from black to blue-grey for driver comfort. Therefore the body absorb 
less hear and the inside temperature won’t go up.
Considering a ventilation system for the car is in the team agenda, but first the team 
needs to assess if the ventilation is still necessary after changing the color. 
Safety for driver.
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This year team introduced a safety Manager and a safety Engineer. Nikita Sinansky is 
student of 2-years Master program in Project Management. He has both educational 
background and work experience related with safety and risk management. Nikita 
Sinansky is also the oldest person (30 years) in the team. He is responsible for the 
non-technical risk and safety issues:  Analysis -> Plan -> Do -> Check -> Improve 
Safety Engineer is systems Engineer Siavash  Naghdalikhani. He is a student of 
2-years Master Program in Production Management. He also has both educational 
background and work experience related with safety and risk management.  Safety 
Engineer is responsible for the technical safety issues.
Safety Manager and Safety Engineer will be ready at the Shell Eco Marathon event 
and with the team during the travel to event to avoid any risk.
Does your team have a safety manager? If so, will 
he/she be present at the event? 
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How did you integrate safety in your project? 
Risk Identification
Bowtie model has been used in preliminary risk identification for Economical loses, 
social and emotional loses and health .
Hazard sources has been categorized in four categories: 
> Technical (car and support systems, resources for production, technology etc.), 
> Human (personal errors, motivation, skills, experience, etc.), 
> Organizational (teamwork, management, decisions, priority, etc.), 
> Environmental (Organizers, Competitors, Public, Sponsors, Weather, etc.). 
Hazard event areas are: 
> Production and Office (working conditions for the team) 
> Travel to/from Rotterdam, Ahoy Arena and accommodation. 
> Arena and Race (whole Shell Eco Marathon event in Ahoy, Rotterdam) 
> Car, Trailer, Stand features – design, maintenance and operation
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Production and office 
The project has five phases for creating the car; Analysis, Design, Production, Assem-
bling and Testing. The team uses University facilities for the Office, Workshop and 
also special labs and machines. The most difficult or dangerous tasks are outsourced 
to sponsors, partners or suppliers. The team work hard but doesn’t for¬get about 
rest and sport – the team regularly arrange informal activities outside of University 
such as watching movies in movie nights, dining together at restaurants, spending 
time together at swimming pool etc. 
Social events 
The team participated in several public events (see the PR and Media award appli-
cation) mainly in University campus. Project and Safety Manager and PR Manager 
planed and organized the events with maximum safety and also tried to follow the 
event organizers safety regulation as well.
University-based facilities 
“ As the executive leaders of NTNU and SINTEF, it is our responsibility to ensure that all 
personnel who work with us and on our premises enjoy a healthy and safe working envi-
ronment. HSE matters involve leadership and personal responsibility. A duty towards our 
personal safety, health and environment, and towards those of our colleagues.”
Torbjorn Digernes, Rektor NTNU
University (NTNU) has strict rules and regulations both for the work conditions in 
workshop and fieldwork (travel and competition in Rotterdam). Line managers in 
University in cooperation with DNV Fuel Fighter team managers ensured that all HSE 
provisions are made known and adhered by all employees, contacted personnel, 
visitors and students.
Copy from NTNU Handbook.
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The office is located in the University Campus which has 8 desks and sofa area. As 
any other room in University safety regulations and actions are important. Access, 
electricity, ven¬tilation, cleaning, fire protection are with a high standard. So Univer-
sity regu¬lations, National regulations for the schools and other standards are the 
barriers to avoid the most of the risks. 
To increase the comfort in working conditions we changed the position of desk, 
bought the modern powerful computers with two big screens in the beginning of 
the project. The sofa area also improved with a big screen on the wall for the team 
rest. 
Workshop is special room where the car and tools are located. This is private room in 
University Camus on the ground floor which is accessible just for the team members 
with the key. Workshop is a University room and all Norwegian national and Univer-
sity regulation helped to protect people and property. Workshop mainly used for the 
assembling, testing and technical adjustments. The team have his wide set of tools. 
 Figure 3. 5S principle in the workshop
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Improvements from last year 
1. Implementing the 5S in the workshop in this year. 
These 5S principals are: 
• Sorting 
• Setting in Order 
• Sweeping 
• Standardizing 
• Sustaining 
Safety is really behind these principles and Secure in the limited access to workshop. 
The team tried to follow 5S principles in workshop are, but of course as any new prin-
cipal it’s not happened immediately, this was a continuous process.
2.  Shell Trondheim provided high-visible orange suits with reflection stripes to in-
crease the team members safety in workshop. 
3. Special labs and machining in University. 
The most dangerous tasks in production at the University  was chemical composite 
tasks and mechanical machining. The students who needed to work in these areas in 
labs had to pass special courses before they allowed to use any equipment. Beside 
that student had to have proper clothes and other safety features. Labs have special 
certified facilities as ventilation, emergency signalization etc.
Outsourcing productions
Partners, Sponsors and Suppliers helped the project to produce high-quality details 
and to avoid additional risks for team members.
Travel and accommodation 
Beside production, transportation is actually the most risky area for the team mem-
bers. In this section all the risks that are related with the transportation of the car and 
team to public events in Norway, Shell Eco-marathon event and accommodation of 
the team in Rotterdam are considered.
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Trailer 
The team had to modified a stock trailer and add a system for secure transportation 
of the car internally in Norway and to/from Shell Eco-marathon event. This includes a 
frame for the car to rest on which secures its place and reduces the risk of damage to 
the car. 
Improvement in this year
1. Improve the frame and trailer for a more stable position. 
2. 2013 team used rental cars to carry the trailer instead of private cars. Rental cars has 
additional safety by definition because of the service intervals of the rental firms. 
3. The team will use the ferry from Oslo to Kiel to reduce risks by taking the route with 
the least driving. 
4. Three people will share the driving and an extra night will be spent in Norway to re-
duce the chance of human errors caused by lack of sleep. This is more expensive, but 
the team considered the increased safety level as a gain.
5. Risk assessment for the “fieldwork” (travel and competition in Rotterdam) are creat-
ed based on the University (NTNU) regulations by Safety Manager.
Insurance 
The main sponsor DNV bought a special insurance for the car in case of damage out-
side the workshop. This will reduce economical risk for the possible incidents. 
Shell as the organizer has insurance for large scale event. (Chapter 2. Article 103). 
The team members also informed about deposits that organizer could charge in case 
of damage to property of the organiser. 
Flights, train rides and public transport. 
The parts of the team that are not driving will arrive by plane and train. Internally in 
Rotterdam the whole team will use public transport to and from Ahoy Arena. Regula-
tions of related companies are the main barriers to avoid risks. 
1. Well organised plan of travel and travel brochures with relevant information. 
2. All tickets and hotels booked few months before the event to reduce organizational 
risks in journey. 
3. In Rotterdam the team will use city card that gives flexibility in public transport. 
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Accommodation
The team choose to use hotel for accommodation instead of camping to be sure 
about team members comfort and reduce risks for health. Hotel regulations are 
additional barrier for risks.
Improvements in this year 
The first driver will be in one separate room with the team manager because these 
people are the most important persons in the race and human errors could have 
bad consequences. 
Ahoy arena and race 
The team members behavior in Ahoy arena are the main source for risks. Shell as 
or¬ganizer has strict regulation for the event. Main task for Safety Manager is to 
carefully read all the regulations and inform all team members about small details. 
Prepa¬ring the infographics and other materials and test the knowledge of partic-
ipants are main task for the Safety Manager. For the first time the team established 
new efficient approach for safety trough visual regulations informing for the people. 
The manager used group and personal meetings, Facebook page, paper based in-
fographics and brochures to make the people aware of safety rules. For example, in 
the private Facebook group, not only actual team members but also professors and 
last year’s team members are ready to discuss the issues. This is a powerful source to 
share information with feedback and sugges¬tions. 
Additionally each team member has brochure with travel, safety and organizational 
information in Ahoy and all original regulations from Shell. You are welcome to visit 
the paddock and personally look on the brochure and meet the team. 
Travel plan 
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The drivers and manager will have special training – simulation for the Rotterdam 
event 1 week before travel. the team established this test to avoid panic and unsafe 
behavior during the race. Simulation based on the rules, video and pictures from 
Shell, prior year team’s stories and suggestions. Scenarios to prepare the team in 
case of any technical, organizational, human and competitor’s dangerous situations 
have been developed for this simulation. 
Car  
DNV Fuel Fighter vehicle has been made almost from scratch last year. The devel-
opment process has been planned based on systems engineering Vee model which 
consists of iterative steps in order to make sure that Shell requirements and desired 
performance requirements have been met completely. This year the new team 
member decided to improve the legacy car both in terms of performance and safety. 
Safety is one the main aims of Shell requirements, therefore as it mentioned before, 
the team decided to have a safety engineer who is responsible for implementing the 
safety rules in the vehicle. 
In the initial phases of the project safety engineer reviewed the safety requirements 
from Shell and did a thorough analysis on car monocoque and existing sub-systems 
safety level. Based on his suggestions a following list of changes which aims to make 
the vehicle safer has been identified and implemented.
The task for this year’s team was to produce a new engine, wheels, control system, 
dashboard and integrate solar panel to propulsion system. Improvement area was 
about Interior/ Exterior, Brakes, Suspension/Steering. 
Testing 
Process to create the car has few phases: Analysis, Design, Production, Assembling 
and Testing. For safety reasons the team put a lot of attention for the Testing phase. 
the team tried to avoid any unexpected situations for the systems. A more reliable 
Example of Safety Infographics Example of safety check-list
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and safer car is the aim and the team believe that this will also positively increase 
the chance of successful track competition. Safety and technical Inspection in Rot-
terdam is safety barrier to avoid any risks on the track and in paddock but the tam 
also established internal Inspection 2 weeks before event. Internal testing in real 
situation of every sub-system and the whole system included performing a checklist 
based on the Shell Eco-mara¬thon regulations and the self-defined safety require-
ments.
 
Vehicle Class 
On the very beginning the team choose Electric Battery class with Solar Panel as the 
safest type of fuel for driving and also in production. Urban Concept is the safest 
class for driver and environment.
DNV Consultation
Main project sponsor provide not only financial support but also useful consulta-
tions for engineers as a help to produce right system in the right systematic ap-
proach. 
*Could be included as short DNV presentation in document. 
DNV is a global provider of knowledge for managing risk. Today, safe and responsi-
ble business conduct is both a license to operate and a competitive advantage. Core 
competence of DNV is to identify, assess, and advise on risk management. From our 
leading position in certification, classification, verification, and training, we develop 
and apply standards and best practices. This helps DNV’s customers safely and re-
sponsibly improve their business performance. DNV is an independent organisation 
with dedicated risk professionals in more than 100 countries, with the purpose of 
safeguarding life, property and the environment.
DNV service documents consist of among others the following types of documents:
 — Service Specifications. Procedural requirements.
 — Standards. Technical requirements.
 — Recommended Practices. Guidance.
Detailed information about car presented in relevant sections of the current docu-
ment.
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Communication and Marketing Award18
Risk identification process in the efficient risk and safety approach defines three 
main categories for the undesired consequences: economical loses, social and emo-
tional loses and health. Human health has the highest priority in the project. 
Hazard event areas are defined according project phases in four categories: Pro-
duction and Office (working conditions for the team); Travel to/from Rotterdam, 
Ahoy Arena and accommodation in Rotterdam and overnight stops; Arena and Race 
(whole Shell Eco Marathon event in Ahoy, Rotterdam with the most attention on the 
critical people, Driver and Manager);  Product (Car, Trailer, Stand features – design, 
maintain and operate the products with safety). 
Hazard sources classified in four categories: Technical (car and support systems, re-
sources for production, technology etc.), Human (personal errors, motivation, skills, 
experience, etc.), Organizational (teamwork, management, decisions, priority, etc.) 
and Environmental (Organisers, Competitors, Public, Sponsors, Weather, etc.).
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19 Communication and Marketing Award
What makes your project or vehicle remarkable when it comes to 
safety? In this respect, what would you qualify as outstanding? 
Fighting in the top of the battery electric urban concept class we still prioritize safety 
a lot. This is crucial for the relationship to NTNU as well as to keep the team members 
health secure. This again is very important for a team that wants to fight in the top 
every year.
Fighting in the top while also keeping the safety requirements is the background for 
the incredibly light fire extinguisher of plastic.
With a new motor with an encoder disk, the chance of overloading and blowing fuses 
and in that situation risking the electrical system, we have implemented an encoder 
disk and rewritten much of the motor controller software to get a very safe motor 
operation.
The monocoque design. The body got no steel frame, which makes it much better in 
a crash. In addition this monocoque is extremely sleek, with no sharp edges, which 
could hook into other cars, equipment during tests or personnel. This is an important 
principle for the team and is part of the reason that the towing hook was made into a 
push-to-eject mechanism.
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Do you have any other information that you would like 
to make known to the Safety jury? 
DNV fuel fighter team paid a lot of attention to make sure that the right and safe car 
will develop in right and safe approach. But the team doesn’t forget about next year 
team and tried to leave full documentation, theoretical and practical experience in the 
project to ensure continuous improvement in energy efficiency and safety.
20
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Car + trailer arrives to Trondheim and unload all stuff to NTNU workshop. 
 
335ECO-MARATHON 2013
336 DNV Fuel Fighter
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carbon fiber from 
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How to make a carbon fiber plate from prepreg  
Here is a small checklist for laying up prepreg. It is not enough as a standalone document to learn 
how to do it, but it can be helpful after you have had proper training at the composite lab. (Room 
training is mandatory to work there) 
1. Take the prepreg out of freezer and wait 24 hour before working with it. Keep it in a dry 
environment. 
2. Cut sheets to desired size and choose how many layers you need. 
3. Apply release coating to the plate. For example 3 coatings with 15min in between. Polish it 
off.  
4. Place the layers of carbon fiber on the plate. 
5. Line around the CF with sealer tape (PS leave a little space around the CF, about 5 cm),  and 
leave the protection on the tape. 
6. Cut and put peel ply on the CF, cut it so that it lies neatly outside the CF but inside the sealer 
tape. 
7. Cut and put on bleeder 
8. Then cut and put on breather.  
9. Put a plastic over that goes a little beyond the sealer tape.  
10. Peel off the protection on the sealer tape, but leave one side where you will apply vacuum. 
11. Place in oven and arrange vacuum pipe.  
12. Put sealer tape around vacuum tube/pipe and a little piece of breather (5x5cm) to prevent 
plastic bag from blocking the end of the tube. 
13. Cure. For example 80 degrees C for 5 hours. 
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Appendix: Simulation results 
 
The back-emf of the given geometry was calculated in Maxwell 3D. This value was then put into 
the equations and the efficiency at 5Nm and 270rpm was calculated. 
 
Design 
Do 
[mm] 
Di 
[mm] 
Stw 
[mm] 
Hm 
[mm] Halbach 
Air gap 
[mm] 
Back-emf 
[V] 
Efficiency 
[%] 
Old motor 315 205 6 10 No 2 0,31 95,823 
Old motor  315 205 6 10 No 1 0,34 96,374 
Lubna's design 315 247 8,7 8 90 1 0,233 97,638 
New design 320 210 6,7 15 45 1 0,595 98,442 
New design 2 320 210 7,7 15 45 1 0,554 98,44 
New design 3 320 210 8,2 15 45 1 0,534 98,435 
New design 4 320 210 8,7 15 45 1 0,517 98,433 
New design 5 320 210 9,7 15 45 1 0,484 98,422 
New design 6 320 210 8,7 17 45 1 0,528 98,451 
New design 7 320 210 8,7 13 45 1 0,5 98,402 
New design 8 320 150 8,7 11 45 1 0,598 98,273 
New design 9 320 170 8,7 12 45 1 0,598 98,339 
New design10 320 190 7,7 13 45 1 0,602 98,428 
New design11 320 190 8,7 13 90 1 0,51 98,322 
New design12 320 190 8,7 13 45 1 0,56 98,417 
New design13 320 243 8,7 20 45 1 0,416 98,372 
New design14 320 225 8,7 17 45 1 0,477 98,425 
New design15 320 210 8,7 15 45 1,5 0,484 98,369 
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Bearing forces 
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Axial load of 1842 N ~ 2000 N 
(Buøy, 2012)
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The car weighs about 100 kg + 75 kg driver ~ 200 kg ~ 2000N. Divided on 4 wheels yields 500 N. 
Divided on two bearings yields a normal static radial load of about 250 N.  
 
The car is dimensioned to handle a 3 g bump. Weight of motor wheel is around 200 N which yields 
200 N * 3g = 600N 
 
Weight of car and wheel running over a bump: 
500 N + 600 N = 1100 N => 600 N radial load on each bearing in worst case scenario. 
 
SKF webtools: 
 
 
Bearing life of 130 millions of revolutions. 
 
Dimentions for tires are; 95/80 R16 
Diameter, D; (95 mm*0.8)*2 + (16*25.4 mm) = 558.4 mm. 
Circumference; pi * D = 3.14 * 558.4 = 1753.4 mm 
35 km/h = 9.722 m/s 
Revolutions per second; (9.722 m/s)/(1.7534 m) = 5.545 
 
RPM; 5.545 * 60 = 332.7 ~ 350 RPM 
 
Bearing life: 
 
               
       
                       
 
Fr = 250 N
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A12: Solar cell 
details
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28% Triple Junction GaAs Solar Cell
Type: TJ Solar Cell 3G28C
More than 1 million 3G28C cells delivered
This cell type is an InGaP/GaAs/Ge on Ge substrate triple junction solar cell (efficiency class 28%). 
The cell is equipped with an integrated bypass diode, which protects the adjacent cell in the string.
Bypass diode 
Front side contact pads 
3G
28
C
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28% Triple Junction GaAs Solar Cell
Type: TJ Solar Cell 3G28C
Design and Mechanical Data 
Base Material GaInP/GaAs/Ge on Ge substrate
AR-coating TiOx/Al2O3
Dimensions 40 x 80 mm ± 0.1 mm
Cell Area 30.18 cm2
Average Weight ≤ 86 mg/cm2
Thickness (without contacts) 150 ± 20 µm
Contact Metallization Thickness (Ag/Au) 4 – 10 µm
Grid Design Grid system with 3 contact pads
Electrical Data
BOL 2,5E14 5E14 1E15
Average Open Circuit Voc [mV] 2667 2560 2534 2480
Average Short Circuit Isc [mA] 506.0 500.9 500.9 485.8
Voltage at max. Power Vmp [mV] 2371 2276 2229 2205
Current at max. Power Imp [mA] 487.0 482.1 472.4 457.8
Average Efficiency ŋbare (1367 W/m2) [%] 28.0 26.6 25.5 24.5
Average Efficiency ŋbare (1353 W/m2) [%] 28.3 26.9 25.8 24.7
Acceptance Values
Voltage Vop 2300 mV
Min. average current Iop avg @ Vop 485 mA (higher Iop on demand)
Min. individual current  Iop min @ Vop 455 mA
Shadow  protection
Integrated protection diode
T = 25°C ± 3°C
Vforward (605 mA) ≤ 2.5 V 
Ireverse (2.8 V) ≤ 100µA
Temperature Gradients (25°C - 80°C)
BOL 2,5E14 5E14 1E15
Open Circuit Voltage           ΔVoc /ΔT↑ [mV/°C] - 6.0 - 6.4 - 6.2 - 6.3
Short Circuit Current             ΔIsc /ΔT↑ [mA/°C] 0.32 0.33 0.31 0.39
Voltage at max. Power       ΔVmp /ΔT↑ [mV/°C] - 6.1 - 6.8 - 6.3 - 6.4
Current at max. Power         ΔImp /ΔT↑ [mA/°C] 0.28 0.36 0.20 0.29
Threshold Values
Absorptivity ≤ 0.91 (with CMX 100 AR)
Pull Test > 1.6 N at 45° welding test (with 12.5µm Ag stripes)
Status Qualified
Standard: CASOLBA 2005 (05-20MV1, etc); Spectrum: AMO WRC = 1367 W/m2; T = 28 °C
3G
28
C
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Tel : +81 90-1586-7484  Fax: +81 6-6453-0635  
e-mail: nomnom13@yahoo.co.jp  Youtube: nomnom13 SKYPE: nomnom13 
 
 
The parts come from Japanese solar car race in racing truck!! 
Special parts supplier 
NOMURA CO. 野村商会 
Special parts supplier 
 .  
NOMURA CO. was founded by Kei Nomura of Japanese top gun solar car driver for supply solar car parts. We produce and supply 
the highest performance solar car parts. All the parts well tested in very hard condition in the circuit truck and real race condition. Also it 
was tested by many major Japanese solar car teams and good result with them. We are pleased offer tough, strong, light weight, high 
efficiency, and convenience products. 
The NEW developed our MPPT is targeting SUNPOWER C60 Silicon solar cells module. Si solar cell has only 0.5V/cell (approx), Thus 
it needs to connect many cells in series to have suitable voltage to solar car in case standard MPPT. However the many cells in series 
connection can have below problems, but our MPPT does not have such problems due to special design. 
 
The advantages 
1) No problem even different body surface angle. 
2) Minimum loss in case damage or shadow to one cell. 
3) Very high efficiency even small load condition. 
4) IC tip is included synchronous rectification FET. 
5) Extremely small parts with high efficiency as multi-phase switching. 
6) Adjustable output voltage. 
7) Through and by passing mode included in case for battery low voltage 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
VOC: 10V-30V Note 
ISC: continually 6.5A continually 1000W/m2 
ISC: peak 7.5A in case refraction by cloud 
ISC: dangerous point 8A over than 8A can be happen burst 
input 
continually power 125W peak power must less than 150W 
 over than VOC x 1.1 output 18-33V or 23-37V (other voltage upon request in optionally) through and bypassing in case less than 1.1  
efficiency over than Over than 99% V-out=33V (boost ratio @1.14) 
consumption 4.5mA at no load 
dimensions 90mm(W)×40mm(D)×19mm(H)   
weight approx 52g   
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What is advantage our MPPT? 
The NEW developed our MPPT is targeting Silicon (Si) solar cells solar array. Si solar cell has only 0.5V/cell (approx), Thus 
it needs to connect many cells in series to have suitable voltage to solar car in case standard MPPT. However the many 
cells in series connection can have below problems, but ours does not have. 
 
1) Different body surface angle 
The solar car is considered the smallest aerodynamics as small as possible, thus the body top surface has slightly curving 
(or shaping) which provide different angle. In case the standard MPPT, it requires cell connecting approx 130cells per 1 
normal MPPT if use Sunpower C60 cell and the area will be 1.99m2. (153.32cm2 x 130cells). Such big area must be have 
some different angle surface which provide different sun light power to the solar cells. Thus the output power will be reduced 
according weakest power cells due to angle surface location and series connected all the cell. However our MPPT need only 
26cells (or less) per 1 unit MPPT. Thus our MPPT only have minimum loss even angle surface. The below sketch is 
explaining how difference can be happen even same configuration solar panel. However this is briefly circulation. 
 
In case  
26cells in one module = 3.42W/cell x 26cells≒ 90W 
90W x 5modules = 450W in case no loss. Traditional 
 
Traditional MPPT Our MPPT 
80W x 5modules = 400W 80W + 85W + 90W + 85W + 80W = 420W 
400W x 99% = 396W 420W x 99% = 415W 
 
 
 
Here you can see 19W difference which means 57W difference if consider 3ch line 
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2) Damage or shadow to the cell 
The series connected solar cells line will decrease output power even only 1 cell damaged or shadow or so. That means if 
one of cell become 80% output which is caused by crack or shadow or etc, the series line power decrease power 80%.  
No losing power is 90W x 5 = 450W.  
That means 450W x 80% = 360W. 
Finally 90W loss can be happen. 
This is typically things what happen at traditional MPPT. 
 
Our MPPT need only 26cells per 1 unit MPPT, thus the problem only effect to the 26cells, that means it is minimum loss 
anyway. 
No losing power is 90W x 5 = 450W.  
1 module 90W x 80% = 72W 
Other 4 module will not have problem = 90W x 4 = 360W 
360W + 72W = 432W 
Finally 18W loss can be happen, however it is quite small loss if compare traditional MPPT. 
 
So here you can see the difference 18W loss with our MPPT and 90W loss by traditional MPPT which mean 72W difference. 
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3) what really happen if different power module or cells mixed in the series line 
The above explain is just for briefly explain and rough calculation which is not included details loss etc. The below is 
explaining details what happen at MPPT and what you need to consider for designing solar panel and MPPT layout. 
 
The simulation base data 
The solar module has 26cells in series connected. 
Pmax 89.58W = VPM0.582 x IPM 5.92 x 26cells 
VPM 15.13V = VPM0.582 x 26cells 
 
3)-1 simulation in case there is no problems. 
The below figure is explaining in case all the cell is perfect condition without any problems. It is just consider flat surface 
which mean same sun power receiving to cells. It will be similar result even traditional MPPT 
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3)-2 simulation in case one of cell got damage, crack, shadow, or big different angle of surface 
The below figure is explaining in case one of the cell got problem or big angle difference of surface and out put power 
become 80% (such like as Page 3) 
MPPT 1 : 89.58W x 80% = 71.66W + MPPT 2 : 89.58W + MPPT 3 : 89.58W + MPPT 4 : 89.58 + MPPT 5 : 89.58  
The total is P-Max 429.98W 
The Battery voltage is 27S X @3.7V = 100V 
So the output MPPT current will be 429.98W÷100V = 4.299A 
Now the current is decided and same time each MPPT voltage is going to change according 4.299A. 
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3)-3 simulation in case one or several of cell got damage, crack, shadow, etc and big reducing power 
The below figure is explaining in case cell got seriously damage and problem, and output power become 60%. 
In that case The MPPT 1 will become “Through Mode” as too low voltage which a kind of by passing. 
MPPT 1 : 89.58W x 60% = 53.74W + MPPT 2 : 89.58W + MPPT 3 : 89.58W + MPPT 4 : 89.58 + MPPT 5 : 89.58  
The total is P-Max 412.06W 
The Battery voltage is 27S X @3.7V = 100V 
So the output current will be 412.06W÷100V = 4.120A 
The MPPT 1 has 53.74W input but the current is 4.120A that means 13.04V. 
It is lower than solar panel voltage 15.13V, so the MPPT1 is going to become “Through Mode”, which means MPPT 1 does 
not work any more even battery voltage is going to 4.2V. Because 412.06W÷(27Sx4.2V) = 3.633A which is still higher 
current than solar panel current. But anyway at that time the power output will be 89.58W x 4MPPT = P-Max 358.32W 
instead of 412.06W (53.748+89.58x4) and 447.9W(89.58x5). And at that time the output voltage of MPPT 2-5 are going to 
increasing due to MPPT1 is not working any more. So the 100V÷4MPPT = 25V which mean bigger boosting ratio. 
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3)-4 simulation in case several MPPT become into the “Through Mode” which will be shortage voltage 
In case several MPPT go into “Through Mode” which is caused by many cell crack damage or shadow. In fact it normally no 
need to consider such situation, however we are explaining it to you for well understand our MPPT and shortage voltage 
situation. The below figure is showing MPPT 1 and MPPT 2 got 50% power only from the solar panel than others. And 
MPPT 3 only has 60%. Then finally the MPPT 1 and 2 can not work as low voltage, MPPT 4 and 5 is reaching max voltage 
of MPPT output, MPPT3 is supplying power, but voltage is not enough. So finally this line can not supply current and power 
to battery as the MPPT output voltage can not reach to battery voltage. 
  
 
If happen such accident by broken solar panel. There is one solution available. Please check next chapter. 
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3)-5 in case big damage or many cell broken by accident however if you try to have some power even mix 
connecting non damage and damaged cell. 
Suddenly accident can be happen as you know. In that case MPPT can not work as you can see from above explaining. 
However there is only one solution available by changing MPPT connection. As we explained above, normally make series 
line and connect to parallel the series line. But in such condition you can make parallel connection additionally, then still you 
can have some power from MPPT even damaged cell or module mixed. The green line is additional line which is going to 
dilute the power down as it becomes parallel connection. And still you can have power from non damaged modules. Of 
course this is an emergency solution. And we wish you do not have such condition in the race.. 
 
 
 
 
 
 
 
 
3)-6 now we think you understand how our MPPT is working on. 
Probably now you well understand how our MPPT works. The important point is to understand how it works, the you can say 
what happen in case angle, and damage, shadow, so on. Anyway our MPPT can work better than traditional MPPT. Also 
minim loss even damage or problem happened at cells. Anyway most probably now you understand perfectly as the most of 
case you have some experience about the solar array. 
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4) WSC setting for 6m2 of Sunpower C60 cell 
We have simulated WSC setting for 6m2 in case of Sunpower C60 cell. 
 
C60 Bin-J 
power: 3.42W/cell 
efficiency: 22.5% 
Temperature Coefficients: -0.32%/deg 
cell activate area: 153.32cm2/cell 
number of cells in case 6m2: 391cells 
 
4)-1 How to connect MPPT for 1ch (1line) 
we have considered voltage of battery, and solar panel voltage, MPPT boost ratio etc. then finally we can suggest 1cn (line) is 
connected 5unit of MPPT in series, and 3ch (lines) in parallel totally 15unit MPPT working on for 6m2. of 391cells. 
 
1 module has 26cells which of course connected in series, and connect to our MPPT. And same condition 5 set is connected 
in series for 1ch (line). Same ch (line) 3 times (3ch one set has 27cells). This is what we estimate. However it will be have 
different idea as solar cell and panel layout. Please well consider what the best solution to your car is.. 
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4)-1 How to connect MPPT for 1ch (1line) 
 
 
Voltage and current details 
MPPT cells per cell  cell   cell cell Watt VPM VOC VOC 
CH module VOC VPM ISC IPM Pmax Vmax total x 1.1 
MPPT1 26 0.68 0.582 6.28 5.92 89.58 15.13 17.68 19.448 
MPPT2 26 0.68 0.582 6.28 5.92 89.58 15.13 17.68 19.448 
MPPT3 26 0.68 0.582 6.28 5.92 89.58 15.13 17.68 19.448 
MPPT4 26 0.68 0.582 6.28 5.92 89.58 15.13 17.68 19.448 
MPPT5 26 0.68 0.582 6.28 5.92 89.58 15.13 17.68 19.448 
 total         total total total total 
 130     447.91 75.66 88.4 97.24 
 cells     W V V V 
 
 
Battery voltage and boost ratio in case 29S 
BTT Min    BTT Nom    BTT Max   
3.0 V  3.7 V  4.3 V 
29 S  29 S  29 S 
total   total   total  
87 V  107.3 V  124.7 V 
boost ratio   boost ratio   boost ratio  
0.984   1.214   1.411  
 
Here you can see it is too low voltage. Thus the boost ratio going to below 1.1 if the battery voltage is @3.353V. In that case 
MPPT becomes “Direct connection” mode which is solar panel and battery becomes direct connection without MPPT. It is 
too early to become “Direct connection” mode as still battery voltage is 3.353V. Thus we think 30S or 31S is probably better 
result. 
 
 
Battery voltage and boost ratio in case 30S 
BTT Min    BTT Nom    BTT Max   
3.0 V  3.7 V  4.3 V 
30 S  30 S  30 S 
total   total   total  
90 V  111 V  129 V 
boost ratio   boost ratio   boost ratio  
1.018   1.256   1.459  
 
Here you can see it is little low voltage. Thus the boost ratio going to below 1.1 if the battery voltage is @3.241V. in that case 
MPPT is going to “Direct connection” mode which is solar panel and battery become direct connection without MPPT. You 
feel it is not good efficiency. However the battery voltage is near by for receiving IPM current. Thus there is not so much big 
loss anyway. But we would like to concentrate boost ratio as small as possible (battery working voltage÷MPPT output 
voltage). Because the most of racing time, the battery voltage is near by battery nominal l voltage. Above circumstance we 
estimate 30-32S is good choice. Probably 33S also one of the choice. Please check next chapter of battery information, 
However there is many another choice which is caused by number of MPPT ch, number of cells, and how layout cells and 
modules. Please well consider what best is according your car design. 
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4)-1 battery information 
As we explained in above, the MPPT boost ratio is important. And the battery connection setting is also important. Because 
Li-ion is accepted to carry 21kgs, the Li-Po is accepted to carry 22kg., battery capacity, weight, number of series and parallel, 
these are also important to consider. Here you can see some settings. This is setting reference to you. 
 
 
Nomura Co Li-Po battery 22kg  
83 g/cell 83 g/cell 83 g/cell 83 g/cell 83 g/cell 
9 P 8 P 8 P 8 P 8 P 
29 S 30 S 31 S 32 S 33 S 
21.7 kgs 19.9 kgs 19.9 kgs 19.9 kgs 19.9 kgs 
5408 Wh  4973 Wh  5139 Wh  5304 Wh  5470 Wh  
          
Nomura Co Li-Po battery 22kg (still in R&D)     
78 g/cell 85 g/cell 74 g/cell     
9 P 8 P 9 P     
31 S 32 S 33 S     
21.8 kgs 21.8 kgs 21.8 kgs     
5441 Wh  5440 Wh  5495 Wh      
          
Panasonic NCR18650A Li-Ion battery Li-ION=21kg 
46 g/cell 46 g/cell 46 g/cell 46 g/cell 46 g/cell 
15 P 15 P 14 P 14 P 13 P 
29 S 30 S 31 S 32 S 33 S 
19.8 kgs 20.5 kgs 20.5 kgs 20.5 kgs 20.5 kgs 
4855 Wh  5022 Wh  4843 Wh  5000 Wh  4788 Wh  
 
 
 
  
 
5) In the lastly 
Our MPPT is similar idea with MISHIMAKI MPPT which has been used at Tokai Team. In fact we have never compared 
with them. However we believe our MPPT are better efficiency than MISHIMAKI and light weigh, and easy adjusting. Also 
we believe that our MPPT is better than traditional MPPT even peak efficiency is lower than them. 
 
In other hand the important thing what we would like to say is “enjoy Solar Car Race all together with all over the world 
teams”. We wish to all teams enjoy, help, cooperation each others, and become much major and more race in the world 
widely. 
 
Good racing 
And Good luck for all teams. 
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the Makino
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A SHORT GUIDE ON HOW TO
USE THE  MAKINO WITH SOLIDCAM
AND REMO DNC
 
Note: This guide is not a guide on how to use the 
Makino. Manual operation of the milling machine 
must be mastered before this guide is of any value. If 
you are not open to an experience of some trial and 
error even this guide should not be used without first 
having someone experienced guide you through it. 
In NX:
Export file to STEP or IGES 
In SolidWorks:
Open STEP/IGES file. 
Construct work piece. 
Define coordination system (insert reference 
geometry). 
In SolidCAM part:
- New Milling 
- Machine: gMill_Makino_Fanuc_3x_Eval 
- Define coordinate system -> Select coordinate 
system 
- Define stock. It is advised to first right click and 
unselect all. Then click on the part either in the 
model or in the file tree (under solid bodies). 
- Define target. It is advised to first right click and 
unselect all. Then click on the part either in the 
model or in the file tree (under solid bodies). 
In SolidCAM Operations
- 3D milling: 
- Working area (define). Mark edges which you 
want to use as the machining boundaries. 
- Tool select: Add milling tool. Outside Holder 
Length (OHL) and tool size are the most 
important parameters. 
 * S3000 & F250 should be ok most of the 
time (for 10 mm milling tool - for any other size 
consult someone with experience). 
 * Feed rate in Z-direction could be 33 
most of the time (for 10 mm milling tool - for any 
other size consult someone with experience). 
- Levels (compared to the set coordinate system) 
- Technology: Choose rough or fine cut. There are 
many alternatives, here are some example values: 
 * Rough (contour): Overlap: 0.5 (%). Step 
down: 5 (Aluminium) 1-2 (Steel). Surface offset: 
0.5 (use normal milling tool) (0.5 only if doing a 
final finish cut) 
 * Fine: Constant Z. Check off constant 
Z wall machining. Step down 0.5 mm. It is also 
possible to do a final cut with linear. (This can be 
done with a radius milling tool) 
- Save & Calculate 
- Simulate (look at Host CAD, Solid Verify & Rest 
material) 
- G code. 
In Notepad:
The start of the program should look like this: 
%
:5000
N1 G90 G17 G00 G21
G91 G28 Z0
S*** M03 
G01 G54 G90 X** Y** F***  
 
The end of the program should look like this: 
M05 
G28 G91 Z0
G28 G91 Y0
G28 G91 X0
M99 
%
At the Makino:
- Define G54. (Offset) 
- Zero the machine. 
- Switch to tape. 
- Reset. 
- Push the red button at the side of the Fanuc 
box. 
In remoDNC:
- Use the settings supplied in the figure below. 
- “Select file and Send to CNC” 
At the Makino:
- Press the run program button. 
- If you want to stop the machine press the 
button below the run program button. 
- Start cooling in case you did not manually add it 
to the code.
Settings in remoDNV for the Makino.
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KNUCKLE BODY PRODUCTION 
PLAN
This is the plan which was used during the milling 
of the 2013 rear knuckles. The milling is done using 
CNC code generated by SolidCAM in Solidworks 
after exporting the original models from USG NX. 
More on that process can be found in appendix A15. 
This plan is included to illustrate the care that needs 
to be taken during production of such an advanced 
part and to underline the importance of planning. 
The planning is crucial both to secure that one 
knows what to do and that one got the right tools 
and materials before the process is started.
Tools and materials:
- 10 mm straight milling tool
- 2 x 6 mm guide pins
- 4 x Ø6 mm bolts
- Stock
- Drill, Ø5 mm (threaded holes)
- Drill, Ø5.7 mm
- Ø6 mm reamer
- Drill, Ø2 mm
- Centre drill
- Drill Ø6 mm
- 45° counter sink
- M6 threading die
- Threading grease
Plan
1. Mount the main part.
2. Plane mill the main part.
3. Drill holes in the main part. (threads +
  reaming). Remember which way it is going
  to be milled!
 * Center drill all holes.
 * 2 mm drill for reamed holes
 * 5mm for threaded holes.
 * Grade the threaded holes
 * 5.7 mm drill for reamed holes
 * 6mm reamer for reamed holes
4. Unmount the main part.
5. Thread, threaded holes (M6)
6. Cut the jig into the right size.
7. Mount the jig.  Remember to leave room for
 the top (in other words, make the stock stick
 out over the jig).
8. Plane mill the jig.
9. Drill holes in the jig (all 8, as the part needs to 
  be turned).
 * Centre drill all 8 holes. (Mark down 
 machine coordinates for  the top reamed 
 hole to use as X0, Y0)
 * 2 mm drill for reamed holes
 * 5.7 mm drill for reamed holes
 * 6mm reamer for reamed holes
 * 6.1 mm drill for the through holes.
10.  Mount the main part on the jig. No nuts on 
  the top. Remember how low the mill will go. 
 * Set Z0 at the contact surface of the 
 stock.
11.  Run contour cut (10 mm).
12.  Run top linear cut (10 mm)
13.  Run bottom linear cut (10 mm)
14.  Unmount  the main part. Set Z as 0 at 15mm 
    above the jig.
15.  Thread the part again.
16.  Mount the main part.
17.  Run contour cut (10 mm).
18.   Run top linear cut (10 mm)
19.  Run bottom linear cut (10 mm)
20.  Remove the bolts in the brake 
     connection holes.
21.  Drill the brake connection holes with 6 
     mm drill.
The milling machine setup at IPM: The Makino milling machine, makino command x-2 and the Fanuc computer.
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